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ABSTRACT

This is the final report for the Airborne Range and Orbit

Determination (AROD) Design Study performed under Contract No.

NAS8-11526 for the National Aeronautics and Space Administration.

It discusses the analyses and decisions involved in the evolution of

• the final Design Study Model and describes the overall AROD system

and its subsystems. The results of the laboratory and aircraft flight

test programs are presented and a complete index of all documentation

is given. The entire study is summarized and evaluated in terms of

the definition of the system design suggested for the next phase of the

prog ram.

Approved:

Harr_,. Crews, J_.

AROD System Manager
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SECTION I.0 - INTRODUCTION

I.I

This document is the final report of the Airborne Range and Orbit

Determination Design Study performed for the National Aeronautics

and Space Administration's Marshall Space Flight Center, Huntsville,

Alabama, under Contract Number NASS- I1526.

The study was conducted in the period from June, 1963, to December,

1964, by Brown Engineering Company, Inc., Huntsville, Alabama, with

some portions of the Airborne Range and Orbit Determination System

used for investigation supplied by NASA.

Brown Engineering's participation consisted of

l , preliminary system design to define the configuration of a

Design Study Model,

Z. design and development of portions of the Design Study Model,

, component evaluation,

. system analysis and

So system integration and testing.

System Concept

The Airborne Range and Orbit Determination (AROD) system deter-

mines the position and velocity of a space vehicle with the data

extraction performed aboard the vehicle. This allows direct

application to guidance and navigation of the vehicle or telemetering

for ground station processing and use. The position and velocity
vectors are determined by measuring simultaneously the ranges and

range rates from the vehicle to a minimum of three transponder

stations. The transponder stations may be unattended and will require

no inter-communications. The acquisition of the data at one

point (on board the vehicle) where time and phase reference are available

provides outputs at or near real time.

The position of the vehicle is computed using the known station
coordinates and the measured ranges. Range is determined by the

phase delay of a signal caused by the round trip between vehicle and

transponder. The velocity of the vehicle is computed using the known
station coordinates and the measured ranges and range rates. Range

rate relative to a transponder station is obtained from the doppler

frequency shift of a retransmitted carrier signal received at the vehicle.
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1.2

The AROD system offers the high tracking accuracy of a long baseline

system without the normally inherent inter-station communications and

timing accuracy problems. Transponders can, therefore, be located at

ground sites, aboard ships and airplanes, and even extraterrestrially on

satellites and planets.

System Description

Although only three transponders are required at the same time to determine

the position and velocity of a vehicle, the AROD system will be designed

to operate with four ground stations simultaneously. This, in addition to

introducing redundancy, provides smooth tracking data during the switching

from one transponder to the next. It also makes possible selection of the

optimum combination when four stations are "visible" from the vehicle.

The system employs three communications links; one for the command/

direction finding functions and two for the tracking functions. The one-way

command/direction finding link is used to augment early detection and acqui-

sition of the vehicle and to send instructions from the vehicle to the trans-

ponder concerning the station operation {switching equipment on and off). The

two-way tracking link provides the means for determining range and range

rate information.

The vehicle provides continuous transmissions on the command/direction

finding (138 MHz) and tracking (2276. 424 MHz) links. The transmissions

of the transponders are dependent upon the mode of operation of the system.

The modes of operation are "Off", "Standby", "Acquisition", and "Track".

"Off" Mode. With the transponder out of range of the vehicle's command

transmissions, only the Transponder Command Receiver is activated.

"Standby" Mode. When the transponder receives a "Standby" command

{issued from the vehicle approximately once every second), all portions of

the transponder equipment except those that provide final transmissions are

activated. The direction finding function is initiated and the tracking antennas

properly oriented.

"Acquisition" Mode. The vehicle transmits an "Acquire" command which

contains, as determined by pre-programming, a selected transponder's

identification code and selects one of the four channels (between 2208.712

and 2220. 712 MHz) for its tracking transmissions. This carrier, at the

frequency chosen, is modulated with the site identification code of the
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1.3

1.4

transponder. The doppler frequency shift on the tracking link received from

the vehicle is applied, with reversed polarity, to the transponder tracking

transmission. This results in a signal without doppler shift at the vehicle

and allows rapid acquisition with a narrow bandwidth receiver. The vehicle

verifies the return of the transponder's identification code and generates

the "Track" command. If the transponder is not chosen to be used, no

"Acquire" command will be issued for it, and it will, after a given time,

automatically return to the "Off" mode.

"Track" Mode. The vehicle transmits a "Track" command which removes

the doppler correction (polarity reversal). The phase and doppler shift of

the tracking signal are determined at the vehicle and used in conjunction

with the transponder location coordinates, to measure the range and range

rate of the vehicle. Phase-locked loops are used throughout the tracking

loop to assure tracking of the phase and doppler shift while retaining good

selectivity and phase coherency.

"Standby" Mode. If the signal-to-noise ratio decreases below a pre-set
level, the maximum range is exceeded, a pre-determined time is exceeded,

or an alternate transponder is to be selected, an !'Off" command is sent

from the vehicle to the transponder. This command shifts the transponder

to the "Standby" mode so that it may be quickly reactivated.

"Off" Mode. After a pre-set period of time in the "Standby" mode, the

transponder automatically goes to the "Off" mode.

Prior Development

2
The results of the IBM AROD Design Feasibility Report provided the

beginning reference point for the design study and, with some modifications,

the system it described and analyzed served as the basis for the Design

Study Model.

Design Study Approach

The primary objective of the design study was to investigate the design

problems in the AROD system such as the results could be used to provide

guidelines (see Section 8.0) for the next model of the AROD system. The

study was performed in approximately the following phases:

• Preliminary system design.

System development (on a subsystem basis)•
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.

4.

5.

6.

7.

Component evaluation.

System and subsystem analysis.

Packaging study.

System laboratory test program.

System aircraft test program.

The design problems anticipated included

1. component limitations,

2. phase-locked loop performance in extreme signal dynamics,

3. data extraction techniques,

4. direction finding techniques,

5. command techniques,

6. modulation techniques (particularly on the up-links),

7. propagation effects and

8. phase stability (including aging and thermal effects).

General Content

The results of the design study are presented in the following order:

Volume I.

Section 1.0

Section 2.0

Section 3.0

Section 4.0

Introduction.

Design Study Model System Design. The analyses

and decisions leading to chan_es from the system of
the Design Feasibility Report" resulting in the Design

Study Model are dicussed.

Design Study Model Description. The system designed

and developed in this program is described and a

comprehensive index of all documentation presented.

Analysis. The specific analyses performed to support

the definition of the operational parameters and

I-4



characteristics of the overall AROD system and

its subsystems are detailed.

Volume II.

Section 5.0 Laboratory Test Program. The laboratory test

results, including those of the component, subsystem,

and system tests, are provided.

Volume llI.

Section 6.0 Aircraft Fli_ht Test Program.

aircraft tests are given.

The results of the

Volume IV.

Section 7.0 Impact of the Design Study. The design study is

reviewed and evaluated to show how the proposed

system was defined and to show the evolution of

the suggested system design.

Section 8.0 Suggested System Design. The system design

suggested for the next phase of the program is

defined.

The evolution from the system design suggested in the Design Feasibility

Report 2 to that suggested for the prototype may be followed with the use

of the following index. In this index, asterisks are used to denote the

particular pieces of equipment involved in the performance of the six

functions outlined. Some of these pieces, as noted, serve multiply.
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SECTION Z. 0 - DESIGN ST*TDY MODEL SYSTEM D_.SICd_

Z.I

This section describes the evolution of the system from that outlined

in the AROD Design Feasibility Report 2 to the Design Study Model

configuration. Only the analyses and decisions resultin§ in deviations
from the system of the AROD Design Feasibility Report" are discussed.

Some of these changes were dictated by a revised definition of system

environment, system performance requirements, and restrictions

imposed upon the system.

Tone Selection

The ranging tones suggested in the Design Feasibility Report 2 were

based on a frequency of 5 MHz and included integer submultiples

thereof, down to the frequency required for unambiguous range de-

termination. The advantages of retaining this frequency included

ld incorpora2ion of previously performed development of crystals

for very stable crystal controlled oscillators at this nominal

frequency into the master oscillator design,

Z, reduction of the frequency synthesis required by using a fine

range tone frequency identical to the master oscillator fre-

quency,

. resolution capability in the comparison of the phase of the

signals, and

4 simplification of the frequency synthesis design resulting from

an integral relation to the decimal numbering system for all

required signal frequencies.

Consideration of the end use indicated the desirability of employing a

fine range tone frequency that satisfies the condition,

k/2 n = A, (2. I-I)

where n and A are integers and k is the wavelength of the fine range

tone expressed in meters. This condition facilitates

1. range readout in meters,

Zs digital phase comparison of the reference and received signals
such that the natural output is k/2n rather than a number in

degrees or radians, and

eliminatiom of a scaling factor requirement for converting the

units at the output of the phase comparator to meters.
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2.2

The frequencies which satisfy the condition of equation (2. 1-1) can be

described as 2 n (2.342 MHz) where n is an integer. The first three

factors stated as advantages with the use of 5.0 MHz are still approxi-

mately true if the fine range tone is chosen as 2. 342 MHz and the

master oscillator frequency as 4. 684 MHz. The fourth factor is

apparently negated. Since all the frequencies other than the range

tones may be considered to have some frequency tolerance, it is

possible to synthesize them arbitrarily close from either a "round"

master oscillator frequency, like 5.0 MHz, or from 4. 684 MHz.

The choice of Z. 342 MHz for the fine range tone frequency, rather

than 4. 684MHz, was based upon system bandwidth restrictions. This

choice dictated a phase resolution requirement of approximately ±l. 4

degrees to provide range resolution of ±0.5 meters. The rigid restrictions

imposed by such resolution were recognized and observed in all other areas

of design.

The Design Feasibility Report 2 suggested five ambiguity resolution

tones with frequency ratios of 4:1, 8:1, 16:(Z ea.), and 3Z:l with a low

frequency of 1 9 Hz. A revision in the maximum unambiguous range

requirements for the Design Study Model, however, allowed a low

frequency of approximately 75 Hz. Three ambiguity resolution tones,

with frequency ratios of 32:1 were chosen. This choice was based on

, providing the same minimum confidence factor for all errors

in ambiguity resolution since they are equally disastrous to

system operation.

2, requiring a minimum number of tones to assure maximum

reliability and minimum size, weight, volume, and power by

reduction of the total number of individual circuits inherently

necessary for each tone used, and

, allowing reliable resolution by use of the maximum value of

frequency ration, 32:1, as indicated by the Design Feasibility

l_eport 2 .

The requirements imposed on the system by the choice of this large

frequency ratio were recognized and observed in all other areas of

design.

Down- Link Spectrum

The spectrum suggested in the Design Feasibility Report 2, as shown

in Figure 2-1, consists of three "carriers", one of which is modulated

by four tones. The frequency difference in fi and f3 represents the fine

range tone, that between fz and f3 represents the first ambiguity

resolution tone, and the four modulating tones ( and the
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Z. 3

differences thereof) represent the other four ambiguity resolution

tones. This spectrum was to be passed through three separate

amplifier-multiplier chains and either summed at the output or fed

to three separate antennas with a common phase center. The modu-

lation approach and output spectrum were changed because

I , parallel chains of varactor multipliers were not allowable due

to the size, weight, and complexity, and

Zo the problem of matching absolute phase characteristics in

three channels to the required accuracy was considered to be

quite difficult.

The spectrum chosen for the Design Study Model is shown in Figure 2-2.

The spectrum is generated by synthesizing four modulation tones and

modulating the carrier directly to produce the desired spectrum. The

two lowest frequency tones are combined to eliminate the problem of a

71 Hz component immediately adjacent to any of the other major components.

All tones are phase modulated on the carrier.

Command Link

The command link is not discussed in detail in the Design Feasibility

Report 2. The operating frequency was selected as a result of the

analysis shown in 4. 1.1.1, pg. 4-1. The method of modulating with

the binary-coded command was the major area of consideration. The

systems considered included

. single frequency on-off operation with the "on" state represent-

ing a binary "one" and the "off" state a binary "zero",

2. three frequency operation with one frequency for a "one",

another for a "zero", and the third for the neutral state using

RZ (return to zero) coding, and

o two frequency operation corresponding to "switched PCM/FM".

The simple "on-off" operation was eliminated because of the lack of

positive identification of the "zero", or off state, at the receiver.

The three frequency approach was simplified to be the "switched

PCM/FM" when it was determined 3 that all operations in the receiver

(including direction-finding and acquisition-aiding) could be accom-

plished without a "pilot" tone. In addition, this type of modulation affords

simplicity of transmitter design.

The duty cycle was chosen as 50% based on expected worst-case

multipath "smear" and maximum S/N conditions. The information

rate was chosen to be 1 kHz based on the system requirements for

2-4
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2.4

information transfer. The acceptance of commands was based on

parity check and on reception of at least two correct words out of

a sequence of eight identical words transmitted. The concept of

correctness for a given transponder included the status of the trans-

ponder at the time of the command reception. For a given status of
a transponder, only one or two commands would be an allowable

sequence for that transponder. Any other commands would be re-

jected. A further discussion of the coding, decoding and logic as-

sociated with the command link is given in 3. 1.2, pg. 3-12 and 3. Z.5,
pg. 3-84 of this report.

Acclui sition T e chnique

The Design Feasibility Report 2. suggested a sweep-frequency technique

for phase-locked loop acquisition, aided by an auxiliary frequency dis-

criminator. The acquisition time was approximately 10 seconds. The

technical directions for the Design Study Model did not allow this ac-

quisition time. The approach selected included presetting the voltage

controlled oscillator (VCO) in the Transponder Tracking Receiver (TTR)

carrier loop by locking it to the VCO in the Transponder Command

Receiver (TCR). The TCRphase-locked loop is wide band so as to

acquire very quickly. The TCR receives a stand-by command once

every 960 ms. Since the phase-locked TCR theoretically has zero

frequency error, the TTR will receive a signal at the center of its

tuned frequency if the proper multiplier relationships are used in the

two receivers, thus assuring very fast acquisition. (NOTE: Due to

the pulsed nature of the received command signal, the idea of zero

frequency error is not exactly accurate. See 8. Z.4.4, pg. 8-74 and

8. Z.4.5, pg. 8-75 for further discussion.) To achieve vehicle tracking
receiver (VTR) lock-on:

° The retransmitted signal includes a doppler component equal

in magnitude and opposite in sign to that acquired on the down

link. With this one-way doppler imposed on the return trans-

mission, the signal received at the VTR has zero doppler.

2. The VCO in the carrier loop of the channel to be acquired is

forced to rest frequency for this phase of acquisition. Therefore,
acquisition is reliable and fast.

o Acquisition is detected at the vehicle and a command sent via the

command link to restcore full dappler (i. e. , return to coherent

transponder operation).

. The VTR phase-locked loop follows the frequency transition

and arrives at full doppler conditions in lock.
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Z. 6

Several critical points are recognized in this acquisition technique.

The first is the frequency error in the VCO of the TCR. This

must be small due to the large multiplication factor and narrow

bandwidth of the TTR. The free-running oscillator used to reverse

the doppler must be quite stable because of the narrow bandwidth

of the VTR. The removal of the doppler reversal requires careful

design to assure that the VTR can follow the transition and to mini-

mize the time required for the transition.

Techniques involving variable bandwidth loops and discriminator

aids for broadband a_oquisition were considered. These were not

implemented because of the increased complexity in the vehicle

equipment. All circuitry required for the selected approach is in

the transponder.

Fr ec_uency Synthesis

The frequency synthesis outlined in the Design Feasibility Report 2

was not detailed sufficiently to allow a comparison to that used.

The synthesis approach chosen included several analog circuits such

as varactor harmonic multipliers, parametric dividers, regenerative

dividers, multiple-loop regenerative dividers, transistor multipliers

and many digital divider circuits. Both direct and indirect synthesis

was used. While digital synthesis is believed to be a suitable method

(superior from size, weight, and power}, the design study provided

a means of comparing the analog and digital techniques. Technical

specifications required that all carrier frequencies in the system

have the capability of change in small increments of frequency.

This change capability does complicate the synthesis approach. See

3.1.1, pg. 3-1 for a detailed discussion of the synthesizer.

Vehicle Trackin_ Transmitter (VTT)

The Design Feasibility Report 2 suggested five parallel chains of

varactor multipliers. The increased size and weight of the parallel

chains led to the choice of a technique that uses a single varactor chain

with a cavity amplifier as the output stage. The varactor multiplier

output is 2.5 watts. Advancement in component technology may soon

allow a varactor multiplier with 12 watts output at 2200 MHz,

eliminating the requirement for a tube-type power amplifier as an

output stage. See 3.1.4, pg. 3-25 for a detailed description of the trans-

mitter.
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2.7 Transponder Tracking ReCeiver (TTR)

The conceptual design of the Transpondor Tracking Receiver began

with the recommended configuration proposed by IBM in the Design

Feasibility Report 2. A functional block diagram of the receiver is

shown in Figure 2-3.

The transponder system proposed in the Desig_ Feasibility

Report 2 employed a 13 beam antenna with stacked beams in eleva-

tion. A separate receiver, consisting of an RF and IF section, is

required for each beam, and a method must be provided for switching

the retransmitted signals to the appropriate beam.

This particular approach was evaluated at the beginning of the design

study program and was considered unacceptable because of the

following:

lo The phase characteristics of the 13 receivers must be matched

during the initial calibration and must be time invariant.

A parametric amplifier suitable for unattended operation in

remote areas will require an advancement in the state of the

art. The use of 13 parametric amplifiers per transponder

station would compound this problem.

A more detailed description of the configuration shown in Figure 2-3

can be found in the Design Feasibility Report 2. The second confi-

guration considered is shown by the simplified block diagram in

Figure 2-4. This technique was selected primarily to maintain

phase coherence between input and output frequencies.

The phase coherence between input and output of the system,, de-

picted in Figure 2-4, is shown by assuming an input frequency, F c.

This signal is mixed with the first and second local oscillator

frequency to obtain the second IF frequency, F c N (Fy + Fx).

This signal is phase-locked to the reference frequency NFo; thus,

we can equate

NF o = F c - N(Fy + Fx) (2.7-1)
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or

mc

N - Fy+ F x+ F o (2.7-2)

where

F c = input signal frequency,

NFy = local oscillator frequency for Ist mixer,

NF x = local oscillator frequency for 2nd mixer, (This is

derived from a voltage controlled oscillator.)

NF o = reference frequency for phase detector and

N = multiplication factor.

By summing the frequencies F o, F x and Fy, we have

Fc

Fy + F x + F o - N (z.7- 3)

and

N Fy+ N F x+ N F o = F c (2.7-4)

The signal given by Equation (2.7-3) is multiplied by Ki/N where

i = 1,2, 3, 4. This signal is mixed with F c to give the output for the

Transponder Tracking Transmitter, defined by

Ki

FTT T = F c (1 - NZ ). (2. 7-5)

The detailed block diagram for the second generation of the Trans-

ponder Tracking Receiver is shown in Figure 2-5. This receiver, in

conjunction with the transponder frequency synthesizer and frequency

translator, performs the same functional operations which have been

described for the simplified system shown in Figure 2-4.

The configuration depicted in Figure 2.-5 was submitted to Spacecraft,

Incorporated, the successful bidder for the Transponder Tracking

Receiver, for evaluation. The results of this evaluation produced

the third and final configuration of the Transponder Tracking Receiver.

The simplified block diagram for the third configuration is shown in

Figure 2-6 and the detailed block diagram is shown in Section 3.0,

Figures 3-21, 3-22, and 3-23.
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The argumented advantages listed below were used as the basis for

selecting the receiver configuration shown in Figure 2_6. The

implementation of this receiver becomes much simpler if the re-

quirement for phase and frequency coherence between the input and

output frequencies is reduced to only frequency coherence. Thus,

many of the advantages must be supplemented by this change in

operational requirements for practical implementation of a receiver

with versatility in changing the received frequency.

I , The development time would be reduced since the frequency

synthesizing techniques are less complex.

2. The requirement for stable oscillators in the carrier phase-

locked loop has been reduced to a single stable voltage controlled

oscillator.

. The phase errors accumulated by the phase-lock loops used to

demodulate the Z. 342 MHz range tone and 2. 2688 MHz range

modulation tone will be small. This is a significant improve-

ment in the large phase errors produced by the bandpass filter's

phase characteristics when the input signals are subjected to the

anticipated doppler frequency shift.

The input-output frequency relationship for the configuration depicted

in Figure 2-6 is obtained by assuming an input, F c. This signal is

mixed with the first and second local oscillator frequencies to give

the second IT frequency, expressed as

with

and

FIF(2 ) = F c - F v (NT I + NTZ)

NTI = NI" N2

NT2 = N2" N3

(2.7-6)

(2.7 -7)

(2 7-s)

where

F v = frequency of voltage controlled oscillator (VCO),

NI = times 1856 multiplication factor,

Nz = divide by 24 and

N3 = times 76 multiplication factor.
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The carrier phase-locked loop will adjust the frequency of the VCO
such that

Fc - Fv (NTI + NTZ) = N4F v (z. 7-9)

or

F v = 81 F v •

Vehicle Tracking Receiver (VTR}

The Vehicle Tracking Receiver is considered to be one of the most

critical subsystems in the AROD system. This critical classification

results from

I, the large number of functional requirements, resulting from

four channel operation, that must be performed,

2. the accuracy of the functional requirements,

3. the operating environmental conditions and

4_ the simultaneous reception of signals from four trans-

ponder stations by the RF and common IF sections.

The receiver configuration recommended by IBM in the Design

Feasibility ReportZ is depicted by the simplified functional block

diagram in Figure Z-7 and the detailed block diagram of the IF and

phase-locked section in Figure 2-8. The representative four-station

spectrum used in this study is shown in Figure 2-9.

The recommended configuration and techniques were evaluated during

the initial phase of the design study program. The results of this
evaluation revealed the undesirable characteristics listed below:

1. The receiver as shown in Figure g-8 would require twelve

(a) second mixers,

(b) second local oscillator frequencies,

(c) second IF amplifiers and

(d) phase-locked loops (assuming bandpass filters for the

range ambiguity tones).

2-15
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The large number of components required increases the physical

size and weight and reduces the reliability.

2o The phase characteristics of the three IF sections associated

with each channel must be calibrated initially and any time variations

of phase characteristics must be matched.

. The large number of strong locally generated frequencies would

complicate the radio frequency interference problems.

The second configuration that was considered is shown in Figure 2-10.

The four station spectrum to be received is depicted in Figure 2-11.

The receiver proposed by IBM was used as the starting point in deriving

the second configuration and the objectives to be achieved were based

upon the elimination of the three major undesirable characteristics
listed above.

The receiver configuration to be developed for the Design Study Model

is basically the same as shown in Figure 2-10. The changes listed

below were made primarily to reduce the development time.

I.

,

o

Addition of a third mixer and IF amplifier between the bandpass

filter (I0) and phase detector {11). This change was made to

allow the contractor to use phase detectors that had already been

developed.

The frequency discriminators (16 and 37) were eliminated by

using voltage controlled crystal oscillators (VCXO). These

oscillators can be built with a frequency stability better than

can be obtained by the automatic frequency control loop shown.

The frequency discriminator (17) which was incorporated as

an acquisition aid was eliminated due to the lack of analytical

and experimental information. During the design _udy, an

analysis was performed by ADCOM, Incorporated, in their

Seventh Progress Report, November 30, 1963, Section IV,

Pages 44" through 51. This analysis showed that, if the

discriminator is followed by a low-pass filter narrow enough to

reject the fluctuations in the phase-detector output during

acquisition, the effective loop gain can be maintained at a high

value of Kf during this time. Thus, the discriminator would

reduce the equivalent signal dynamics by the factor {I + Kd) while
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2.9

leaving the loop gain unchanged, hence aiding acquisition. The
transfer function of the discriminator was assumed to be

H(s) = KdS (2. S-l)

4. The times 32 multiplier was placed in the frequency synthesizer.

, The bandpass filter (Z3) was eliminated because of its undesirable

phase characteristics.

Transponder Command/Direction Findin_ Receiver (TG/DFR)

During the initial phase of the design study, it was concluded that the

use of multiple beam antennas, as recommended in the design feasibility

Report 2, for the transponder tracking receiver and transmitt.er was un-

acceptable. Omnidirectional antennas for the tracking link at the transponder

stations would aggravate the multipath signal problem, and would require

an increase in vehicle transmitter power. Thus, the requirement for

the transponder tracking antenna(s) to possess controllable directive

properties was derived.

The command system was chosen to be the source which would provide

the angular positioning information to point the beam of the ground

tracking antenna(s) toward the tracking antenna located on the space

vehicle. The primary factors used as the basis for this decision

are as follows:

lo The doppler frequency shift on the command link will be less

than that on the tracking link by a factor of Fc/F k, since

and

U
fdc =-- F c

C

fdk = U___Fk
C

(2.9-1)

(2.9-Z)

where

fdc = doppler frequency shift on the tracking link,

fdk = doppler frequency shift on the command link,

F c = carrier frequency for tracking link,

F k = carrier frequency for command link,
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c = velocity of light and

U = vehicle radial velocity component.

. The signal strength received by the ground receivers is inversely

proportional to the square of the carrier frequency. For the same

transmitted power, signals received by the command system would

be larger than those received by the tracking system by a factor

of (F c/Fk) z.

The coordinate system used to define the angular position of the space

vehicle with respect to the transponder station is shown in Figure 2-12.

The angle, @, defines the azimuth of the vehicle with respect to the x-axis

and varies from 0 to 360 degrees. Elevation is given by the angle, 0,

which is referenced to the z-axis and varies from 0 to 90 degrees.

Several phase comparison techniques, using a vehicle command trans-

mitter and a transponder command direction finder, have been advanced

which mathematically resolve the angles _b and O. Direction finding is

accomplished by performing an instantaneous pahse comparison of the

voltages received from the command direction finding antennas.

The first technique considered used three monidirectional antennas

whose geometry is shown in Figure 2-13. An analysis of the phase

relationship associated with this phase comparator showed that the

desired angular position information could be obtained. However,

the mathematical analysis assumed no interference or mutual coupling

between antennas. The antennas must be separated by no more than

one-half wavelength to prevent ambiguities. At this separation, severe

mutual coupling was shown to exist by antenna radiation measurements.

The second antenna geometry considered is shown in Figure 2-14.

The output signals from the two antenna pairs were used in an

instantaneous phase comparison to obtain the desired position

information. The antenna pairs were required to be several wavelengths

apart.to prevent undesirable coupling which caused erroneous results.

The required antenna separation was considered impractical and the

technique rejected.

The antenna geometry depicted in Figure 2-15 was derived as a result
of several antenna radiation measurements. These measurements

showed that a valid "reference voltage" for phase comparison could

easily be obtained with the antennas in this configuration.
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It was also determined, from pattern measurements conducted on

antenna pairs Ab A3 and Az, A 4, that phase comparisons involving

the sum of two antennas could not be used due to mutual coupling

and undesirable interference from the opposite pair of antennas.

Therefore, with this antenna geometry, a "reference voltage" could

be obtained by summing all four antennas in phase, and comparison

voltages could be obtained by using the 'fdifference voltage" from each

pair {Az, A3andAz, A4) of antennas.

A scheme for direction finding using the antenna geometry as shown

in Figure 2_15 and the block diagram of Figure 2-16 was analyzed mathe-

matically with the following results. The reference voltage is defined

by

where

E R : Ez+ Ez+ E3+ E4

E R = the reference voltage,

Ez = voltage from Antenna A z,

Ez = voltage from Antenna A z,

E3 = voltage from Antenna A3 and

E4 = voltage from Antenna A4.

Also,

(-; ) )E R = cos cos %5 sin 0 + cos sin%5 sin 0 .

The comparison voltages, E a and E b, are defined by

E a = E R + (Ez - E3) and

E b = E R + (Ez - E4)

where (El - El) and (E z - E4) are the "difference voltages"

Angular information could be obtained from the phase angle, C a,

El% and E a and from the phase angle, Cb, between E R and E b.

C a

(z.9-3)

(2.9-4)

(z.9-5)

(z.9-6)

between

= tan. 1 sin (_r/Z cos %5 sin O)
cos (_r/Z cos _ sin O) + cos (lr/Z sin# sin O)

(2.9-7)
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and

Cb = tan- I sin (_/Z sin_ sin 8)
cos (_/Z cos _ sin 0) + cos (_/Z sin _ sin 8) (2.9-8)

which indicates a unique C a and C b combination for each value of

and 8.

Figure Z-17 is a block diagram of a similar system in which imple-

mentation could be more easily accomplished and was the basis for the

design model direction finding receiver. The results of the analysis

of this technique are contained in 4. 1. Z. 1.

The circuitry shown in Figure 2-_18 was added to the block diagram

depicted in Figure Z-17 for the extraction of command and doppler

information. The automatic frequency controlwas employed for

doppler extraction because of the simplicity, but the analysis of this

system showed that the accuracy of the doppler information was not

adequate to be useful in the Transponder Tracking Receiver. (Those

analyses can be seen in 4. _.) The configuration of the receiver is shown

in the simplified block diagram of Figure Z-I 9. It overcomes the acqui-

sition aiding problem by using phase, rather than frequency, locking.

The basic problem areas for this configuration are

Z.10

1. phase characteristics of components as a function of time,

2. matching of phase and gain characteristics of gain controlled

amplifiers,

3, performance of phase-locked loop with pulse operation,

4. conversion of pulsed position information to a DC voltage and

5. change in system noise level during the absence of an input.

See Section 5.0,for the information obtained regarding the above.

Up- Link Spectrum

The Design Feasibility Report Z suggested identical up and down-link

spectra. The down-link spectrum is discussed in Section Z.Z. The

system requirements for the up-link differ from the down-link in that

four transponder spectra must be transmitted simultaneously with
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frequency separation and that the bandwidth is limited to 1 2 MHz. The

bandwidth limitation eliminates the possibility of using the down-link

spectrum for each of the four retransmit spectra with a frequency separa-

tion. Overlap of the spectra, with the effects of Doppler shift and intermodu-

lation products considered jointly, results in severe problems. The

magnitude of these problems were determined by comparative analyses

(Section 4. I. 3.5, pg 4-125) using phase modulation and "single-sideband

with carrier" techniques. These analyses showed that intermodulation

would be a problem with either. "Single-sideband with carrier" operation

was chosed for use in the design study model to allow maximum usage

of the limited frequency spectrum.

The problem areas involved in the use of "single-sideband with carrier"

were associated with design techniques and equipment choices that allowed

• the use of linear devices in the Transponder Tracking T ransmitter

and Vehicle Tracking Receiver to minimize intermodulation

product generation and

2, the use of very tightly restricted devices for the carrier phase

locking and the coherent demodulation to minimize phase errors.

Rang e Extraction

The Design Feasibility Report 2 suggested a method of range extraction

based on a digital clock and counter. The clock is started by sensing a

unique point in the composite waveform of the transmitted range tones

and stopped when this unique point is sensed in the demodulated wave-

form. The two-way range is proportional to the total count of the clock.

The unique point is described as the simultaneous positive-going zero-

crossing of all tones.

Another method was considered but not used in the Design Study Model.

Figure 2-20 is a representation of the waveforms generated for use in

this range extraction technique. The low frequency reference tone (f,)

represents one of the four basic reference tones generated on board by

either the frequency synthesizer unit or by a separate reference genera-

tion unit. The higher frequency reference tones (2f 1, 4f 1, 8f l, etc.)

are also generated on board the vehicle• These reference tones are

phase coherent with the low frequency reference tone. The number of

reference tones required on board the vehicle is determined by the

resolution requirement of the system.

Range information is extracted from this binary array of reference

tones by transmitting the basic reference tone (fl) and comparing its

received tone with the binarily related reference tones, The system

resolution requirement of 0.25 meters requires that the fine range
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tone (2. 342 MHz) have eight binarily related reference tones including

the 2. 342 MHz tone. These tones represent 32 meters, 16 meters,

8 meters, 4 meters, 2 meters, 1 meter, 0. 5 meter, 0.25 meter,

respectively. The received range tone of 2. 342 MHz samples the

contents of this reference tone register at its zero crossing. This

binary word gives a direct indication of the range.

Figure 2-20 shows the zero crossing of the received range tone (F 1)

occuring when the binarily related reference tones are in the 101011

position. This information may be gated into a storage register for

further use. If F 1 and fl are Z.342 MHz the binary word read on the

zero crossing of the range tone would represent a range of 43 meters.

Both of the above methods were considered satisfactory for implemen-

tation in the Design Study Model. A third satisfactory method (See

3. 1.6, pages 3-39 thru 3-44) was proposed and used by the contractor

selected by the NASA AROD Project Office.
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3.1

3.1.1

3.1.1.1

SECTION 3.0 - DESIGN STUDY MODEL DESCRIPTION

This section describes the system which was assembled in the design

study. A complete index of drawings and other documentation is in-
cluded.

Vehicle System

The major functions of the vehicle system are to

l0 transmit turn-on, acquire, track, and turn-off commands to

selected transponders,

. transmit a continuous wave carrier modulated with range

modulation tones and

. extract range and range rate information from the signals

received from four transponders simultaneously.

The secondary functions of the vehicle equipment are to

to label each range and range rate data readout with "time of

extraction" and transponder site identification and

° store the labeled data until the storage is interrogated by a

telemetry readout pulse.

The following sections describe the subsystems which comprise the

vehicle system (see Figure 3-1).

Vehicle Master Oscillator/Frequency Synthesizer (VMO/FS)

The master oscillator is the source for all phase coherent signals

used in the AROD vehicle system. The frequency synthesizer

generates all source and reference signals required by the vehicle

system from the output of the master oscillator.

Functional Requirements - The major functions of the VMO/FS are to

° , provide a signal with an exact and very stable frequency and

good spectral purity and

_° generate all signals required by the vehicle system. (Each

signal must be phase coherent with the master oscillator and

retain the signal characteristics thereof. )
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3.1.1.2

3.1.1.3

The secondary functions of the VMO/FS include providing

I. the capability for frequency adjustment over a narrow range

to allow compensation for the effects of aging and

2. a I00 kHz signal which can be used to calibrate the frequency of

the master oscillator.

The functional requirements must be met for a wide variation of

load conditions with no interaction between outputs.

Inputs and Outputs -

inputs.

i. DC supply voltage from power supply.

2. Four range tones from Vehicle Range Extraction Unit.

Frequency Input Impedance Level Connector

(ohms) (dbm)

2. 342 MHz 50 +i0 TNC

73. 1875 kHz 50 +i0 TNC

2. 2871 kHz 50 +I0 TNC

71.47 Hz 50 +i0 TNC

Output s . See Table 3-i.

Principles of Operation - The complete VMO/FS is described in

six sections (see Figure 3-2):

i.

2.

3.

4.

5.

6.

Master oscillator

Time base synthesizer

Main or fixed frequency synthesizer

Three frequency determination modules

X32 multiplier

Modulation tone synthesizer

3-3
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Master Oscillator. The master oscillator is a temperature com-

pensated crystal controlled transistor oscillator in an oven. The

output is a very stable signal at Z. 342 MHz with good spectral purity.

Time Base Synthesizer. The time base synthesizer (see Figure 3-3)

accepts the master oscillator signal (2. 342 MHz) and synthesizes 200

kHz and 100 kHz. This is accomplished by a series of mixers and

multipliers where the lowest output frequency is fed back to the input.

The input frequency (2. 342 MHz) is first mixed with a 2.0 MHz signal

to produce a 342 kHz output, which in turn is mixed with a 300 kHz

signal to produce a 4Z kHz output. This 42 kHz output is then mixed

with a 40 kHz signal to produce a 2. kHz output. The 2 kHz output

(lowest frequency) is multiplied to 40 kHz, 300 kHz, and 2.0 MHz.

The 100 kHz and 200 kHz frequencies are produced during this

multiplication and are used as outputs.

Main or Fixed Frequency Synthesizer. This section of the synthesizer

(see Figure 3-4) provides the inputs for the frequency determination

modules (58.55 MHz, i. 34g MHz, 0.5855 MHz, 73. 1875 kHz, and

18. 296875 kHz), the third local oscillator signals in each channel of

the Vehicle Tracking Receiver {12.6468 MHz, 14. 052 MHz, 19. 4386

MHz, and 20. 8438 MHz), the _.684MHz reference signal for the phase detectors

in the Vehicle Tracking Receiver, the input to the Vehicle Range

Extraction Unit (4. 684 MHz, and the four range tones), and the doppler

mixer frequencies (140.52 MHz and 70.26 MHz).

The 2. 342 MHz input frequency is multiplied by 25 to obtain 58.55

MHz. The 0. 5855 MHz signal is obtained by dividing the 2. 342 MHz

input by 4. This frequency is then further divided by 8 to give 73. 1875

kHz, which in turn is divided by 4 to obtain 18. 296875 kHz. The

14.05Z MHz signal is produced by multiplying the 2. 342 MHz signal

by 2 which gives 4. 684 MHz and then by 3. The 14. 05P MHz signal

is further multiplied by 5 to produce 70.26 MHz, which is then multi-

plied by 2 to give 140.5Z MHz.

Mixing 14. 052 MHz with 3/5 of 2. 342 MHz (I. 405Z MHz) and taking

the difference frequency will give 12.6468 MHz. Similarly if 14.052

MHz is added to 2.3 times 2. 342 MHz (5.3866), then the 19.4386 MHz

signal is produced. Z. 3 times 2. 342 MHz is obtained by first dividing

2. 342 MHz by 10, then multiplying it by 3 and adding it to Z times

2. 342 MHz. The 20. 8438 MHz signal is obtained by adding 19. 4386

MHz to 3/5 of 2. 34Z MHz.
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Frequency Determination Modules. Three frequency determination

modules are used (see Figure 3-5). The output frequencies from

these modules are now 71. 13825 MHz for the tracking transmitter;

66. 0883125 MHz for the receiver first L. O. ; and 68. 99751 5625 MHz and

69. 0158125 MHz for the command transmitter. These modules are

best understood by an example. The output of the voltage controlled

oscillator is mixed with the 58.55 MHz input. The difference fre-

quency is mixed again with a selected multiple of the 2. 342 MHz input.

This mixing process is repeated for multiples of 0. 5855 MHz and

73. 1875 kHz. The last mixer output is now a multiple of the 18. 296875

kHz signal coming from the main or fixed frequency synthesizer. An

error will be detected in the phase detector and sent to the VCO until

the phase detector input frequencies are the same. The VCO fre-

quency is simply the sum of the five multiplied input frequencies, so

changing the multiplication factor of any of the input frequencies will

change the output by the same amount.

X32 Multiplier. This unit multiplies the output from the frequency

determination module #3 (66. 088312-5) by 3? to 2114. 826 MHz which is

the receiver first L.O. The multiplication is accomplished by use of an

active doubler and two varactor quadruplets.

Modulation Tone Synthesizer. This unit processes the four ranging

tones, FR. 1, FR.z, FR.3, and FR4, into the frequencies needed to

modulate the Vehicle Tracking Transmitter (see Figure 3-6). These

modulation frequencies are defined as

FRI; FR 1- FRz; FR 1 - fl and FR1 - fz (3.1-1)

where

FR3- FR4 FR 3+ FR 4

fi = 2 and fz = 2 (3.1-2)

FRlis not processed by this unit. FR1 - FRzis generated by mixing

FR1 and FR2 and taking their difference, fl and fz are generated by

mixing together FR3 and FR4 and filtering out both the sum and dif-

ference frequencies and then passing them both through separate

- 2 dividers. FRI - fl and FR1 - f2are generated by first mixing fl

and f_ with FR2 to produce FR2 - fl and FR2 - fz. These frequencies
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are both mixed with FRI to give FR1 + FRz - fz and F R
F 1

Finally, these two frequencies are mixed again with Rz

and FR1 - fz.

+ FRz - fz.

to give F R1 - fl

3.1. 2 Vehicle Command Logic (VCL)

The vehicle command logic accepts input signals from other

vehicle-borne equipment. With this information plus information

stored in its memory circuits, it makes the decisions necessary

to control acquisition and release of transponder stations.

Modulation for the vehicle command transmitter is generated as

the decisions are made. Appropriate control signals and information

are also available for telemetry and further use on board the vehicle.

3.1. 2.1 Functional Requirements - The functions of the VCL are as follows:

Memory. Provides a nondestructive readout of a site identification

code and an associated maximum range for each transponder station.

A standby command is provided for all channels. Memory contents

are readily changeable.

Decisions. Makes decisions required in selection, acquisition, and

release of ground stations and other related operations. Data stored

in memory and data available from interfacing equipment are used in

making these decisions.

The VCL makes the following decisions:

. To generate an "off to standby" command common to all

transponder stations at regular intervals.

Z. To select transponder stations for assignment to vacant channels

based on a preprogrammed selection sequence.

3. To generate "standby to on" commands for selected stations.

. To acknowledge transponder acquisition based on digital

information received from assigned stations.

5. TO initiate a search for all channels assigned but unacquired.

. To release a ground station when its range from the vehicle

exceeds a maximum range assigned to it.
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3.1.2.2

7. To release a ground station upon receiving a prolonged "signal

to noise exceeded" indication.

8. To release unacquired stations from search mode based on

transponder location and tracking status.

Message Generation. Generates coded messages for transmission to

the ground stations via the VHF command link. These messages

are

I. Off to Standby,

2. Standby to On,

3. Frequency Select,

4. On to Tracking (Lock-on Acknowledge) and

5. Tr_ckin_ to Standby.

Commands 2 and 3 are contained in the same message.

Inputs and Outputs -

Inputs

Io

Z.

3.

.

.

6.

7.

8.

9.

Signal to reset all flip flops.

Signal to start station acquisition program.

Twelve most significant bits of binary information from each

of four range extraction units.

Four signals (1 per channel) indicating that signal-to-noise

ratios of ranging tones are above or below a preset value.

Four signals (1 per channel) indicating vacant channels in VTR.

Timing pulses from vehicle timing unit.

Binary NRZ (non-return to zero) coded digital data from VTR.

Velocity sign inputs from velocity extraction unit.

Supply voltages.
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3.1.2.3

Outputs

.
Trinary RZ (return to zero) coded modulation for the vehicle command

transmitter (VCT).

Z. Site identification codes of assigned transponder stations for

telemetry.

. An indication for telemetry that assigned channels are in the

tracking mode.

. A signal to inhibit updating of active registers of range data

extraction unit while range data is transferred to the VCL.

Principles of Operation -

Detailed Description The vehicle command logic (VCL) controls

selection,acquisition, and release of transponder stations

located along the flight path of the vehicle (see Figure 3-7). The

system monitors the status of the communication links between the

vehicle and assigned transponder stations and it generates on, lock.n,

acknowledge, and off commands for these stations as required. A

standby command common to all transponder stations is generated

every 960 milliseconds unless it is over-ridden by one of the other

commands. The VCL contains four tracking channels. Operation of

these channels is time shared so that only one transponder station

can be interrogated at a time. Each channel is active 96 milliseconds

out of a 384 millisecond period. The output commands are generated

at a 1 kHz bit rate. Each word is 12 milliseconds long, and is repeated

eight times with each transmission.

On, frequency selection, lockon acknowledge, and tracking to standby

commands for the selected transponder stations are formed as required

in the channel command registers. The on commands consist of two

bits, O-O, and are automatically set in when the command registers

are reset. The command to select an offset frequency at the ground

station is fixed for each channel, and therefore is preset in each

command register. Frequency information is transmitted with each

command.
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Command word bit assignments are:

Bit Information

0-I

2-6
Word Synchronization

Site Identification

7 8
m

0

0

I

0

1

1

ON

LOCKON ACKNOWLEDGE

TRACKING TO STANDBY

9 10

0 0

0 1

1 0

1 1

Select Offset Frequency 1

Select Offset Frequency 2

Select Offset Frequency 3

Select Offset Frequency 4

1 1 Parity

The detailed description of the VCL is broken down into four parts.

These are as follows:

1. Initial assignment

2. Lockon acknowledge

3. Station changeover

4. Search mode operation

Initial Assignment. All necessary flip-flops and registers are reset

by a master reset pushbuttonprior to initial assignment. Operation

of an initiate push-button simulates assignment of the first four pro-

grammed transponder stations to the four tracking channels. Referring

to the VCL block diagram, the INITIATE input signal is applied to
the channel select and release control unit where it is used to

generate SELECT SI-1, CHAN 1 BUSY, and SELECT CHAN l signals.

The SELECT SI-1 signal is used to gate from memory the first pro-

grammed site identification code and its associated maximum range.

The selected site identification code is applied to input gates of the

command word registers for channels I-4. The maximum range code
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is applied to input gates of the maximum range buffer registers for

channels I-4. Both of these codes are gated into channel l registers

by SELECT CHAN i signal. SELECT CHAN l signal is also used in

the channels I-4 command registers unit to generate TRANSMIT

CHAN l signal. This signal gates the contents of channel 1 command

register in parallel form into the command word output control unit,

and it starts the format generator contained in that unit. T1 BITS -

(Z-10) are the data bits transferred from the channel 1 command

register.

The corn:hand word output control unit converts the word from the

command register into the required format for transmission and

applies it eight times to the command transmitter at a 1 kHz bit rate.

The TRANSMIT CHAN 1 signal is also applied to the transponder

search control unit where it is used to generate the SELECT CHAN

(SEARCH) signal. This signal is used in an identical manner to the

INITIATE input signal to assign channel 2. Channels 3 and 4 are also

assigned, in turn, in this manner. The on commands for stations

asslgnecl to channels i-4 _ t_a_sn-Attcd scqucntia!!y every 9gn

milliseconds until these stations are acquired or released.

Lockon Acknowledge. When an assigned transponder station is

turned on, the site identification code for that station is transmitted

back to the vehicle. This information is applied from the VTR de-

modulator to the lockon acknowledge and read control unit as NRZ

binary coded CHAN 1-4 SI code signals. The information on each

channel input lead is shaped by a Schmitt trigger, converted from

serial to parallel form, and then compared with assigned site

identification codes stored in corresponding channel command

registers. ACK i-4 (LEVEL) and TRANSMIT ACK i-4 signals are

generated when the transmitted and received codes compare on

channel l through 4. ACK I-4 (LEVEL) signals are control signals

which remain present as long as their associated channels are as-

signed. TRANSMIT ACK i-4 signals set lockon acknowledge com-

mands into the channel command registers and initiate the acknowledge

transmissions. These signals are removed one at a time as each

acknowledge command transmission is ended. The lockon acknowledge

command stops the transmission of the site identification code from

the transponder to the vehicle. It indicates that the tracking loop

between the vehicle and the transponder is closed. When this con-

dition exists the vehicle equipment extracts range and velocity

information relative to acquired transponder stations as long as the

stations are tracked. The VALID DATA 1-4 output signals applied

to telemetry indicate that valid data is being received.
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Station Change Over. Station change over is based on two consider-

ations; (I) maximum range and, (2) signal-to-noise ratio of information

tones. Maximum range for each assigned transponder station is stored

in the maximum range buffer registers. Actual range for each assigned

station is applied to the VCL from range extraction units. Range compari-

sions for the four channels are time shared by R1-R4 STROBE signals.

These are 5 microsecond pulses which occur sequentially at a repetition

rate of 384 millisceconds. RMA x DROP i-4 signals from the maximum

range detector are applied to the channel select and release control unit

as maximum ranges are exceeded on channels l through 4. These signals

generate TRANSMIT DROP I-4 signals which are used in the channel I-4

command registers unit to set drop commands into the command work re-

gisters and to initiate OFF transmission to appropriate transponder stations.

They also remove the VALID DATA i-4 output signals to telemetry.

CHAN I-4 OFF input signals are applied to the channel select and release

control unit when loss of information from assigned stations is detected.

When these signals are received and assigned stations have been commanded

off, CHAN I-4 RESET signals are generated in the channel select and release

circuit. These signals reset all necessary flip-flops of their associated

channels. When one channel is reset, it is immediately assigned to the next

programmed transponder station as explained for the discussion of initial

assignment.

Signal-to-noise ratios of the four information channels are monitored in the

VTR. SNR EXCEEDED 1-4 signals are applied to the channel select and

release control unit when the signal-to-noise ratios of ranging tones on

channels 1 through 4 drop below the preset value. Presence of each of these

signals is timed to prevent dropping a station due to temporary information

fade out. If the signals are present for the specified time, off commands

are generated for the appropriate stations, and the corresponding channels

are released in the same manner described for the condition in which maximum

range is exceeded. The SELECT 1/10 PPS and SELECT 1/60 PPS input signals

control the amount of time that the SNR EXCEEDED 1-4 signals must be pre-

sent before the off commands can be generated.

Search Mode Operation. O_ commands for assigned but unacquired trans-

ponder stations are transmitted every 960 milliseconds. These stations are

said to be in the search mode. The decision to release transponder stations

from search _ode is derived from the tracking status and location of acquired

stations.
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Each group of four transponder stations has a common group identifi-

cation code. This code is contained in the first two bits of the site

identification code of each station. The transponder group codes are

monitored for stations being tracked and for stations in search. Trans-

ponder stations of a particular group are dropped from the search mode

when any one of the stations being tracked in that group is dropped.

Acquired stations are retained. When stations are dropped from search,

CLEAR SEARCH signals are generated in the transponder search con-

trol unit for the channels assigned to these stations. The CLEAR

SEARCH signals reset registers and control flip-flops of the channels

to be released. As many SEL CHAN (SEARCH) signals are generated

as required to reassign all vacant channels to transponder stations

programmed to be contacted next. These assignments are made one

at a time.

This discussion has described a complete cycle of operation of the VCL

from initial assignment of four transponder stations to the release of

these stations and replacement by new ones. The VCL functions to

select, acquire, and release transponder stations,as required,in the

manner described as long as the vehicle is in flight.

3. I.Z.4 Specifications -

Range Data Inputs. Twelve most significant bits of binary information

from each of the four range extraction units.

Input Impedanc e

Voltage Levels

Compatible with output impedance

Logical "I" 5.5 ± 0.5 volts

Logical "0" 0.25 + 0. Z5 volts

Signal-to-Noise Ratio Inputs (I per channel). A logical one on any

one of these inputs indicates the S/N ratio of the ranging tone for the

appropriate channel is less than a preset value.

Input Impedance

Voltage Levels

Compatible with output impedance

Logical "I" + 5. 5 + 0. 5 volts

Logical "0" 0.25 + 0.25 volts

Channel Off Indication Inputs (I per channel). A logical one on any

one of these inputs indicates loss of range information on the appro-

priate channel.

Input Impedance

Voltage Levels

Compatible with output impedance

Logical "1" + 5.5 + 0.5 volts

Logical "0" + 0.25 + 0. ?5 volts
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Timing Pulse Inputs

Frequency

Amplitude

Input Impedance

200 KHz

1.0Hz

0. I Hz

0. 01667 Hz

5.5 ± 0.5 volts

Compatible with output impedance

Site Identification Code Inputs. (From receiver demodulator, 1 input

per channel) These signals &re also supplied to the vehicle system

control monitor.

Input Impedanc e

Bit Rate

Word Length

Format

Amplitude

Rise Time

Fall Time

Compatible with output impedance

I. 0 KHz

12 bit times

First six bits contain word

synchronization code. Next

five bits contain site identifi-

cation code. Last bit is spare.

Words are NRZ coded.

5 volts peak

I millis ec

1 millis ec

Velocity Sign Inputs (I per channel). A logical one indicates

negative velocity.

Input Impedance

Voltage Levels

Compatible with output impedance

Logical"l" 5 ± 0. 5 volts

Logical"0" 0.25 ± 0.25 volts

Valid Data Output (I per channel). This signal is generated after

transponder is acquired and doppler preset is removed from phase

locked loop. These conditions must be met before data measurements

are valid.

Output Impedance

Voltage Level

< 500 ohms

Logical "I" 5. 0 ± 0. 5 volts

Logical "0" 0.25 ± 0.25 volts
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Command Data Output

Output Impedance

Bit Rate

Word Length

Output Format

Puls e Widths

Sync Pulse

Logical "I" and "0"

Amplitude s

Sync Pulse

Logical One

Logical Zero

Quiescent Output Voltage Level

< 500 ohms

1. 0KHz

12 bits

Two output leads are furnished the

modulator. One lead supplies

logical ones and one lead sup-

plies logical zeros. Data on the

logical ones output lead is pre-

ceeded one bit time by one milli-

second pulse used for word

synchronization at the transponder

1.0 millisec

0.5 millisec

5.0 ± 0.5 volts

5.0 ± 0.5 volts

5.0 ± 0.5 volts

0.25 ± 0.25 volts

Range Update Inhibit Pulse. This pulse prevents updating range

registers of the range extraction units while range information is

gated into maximum range detector.

Output Impedance

Amplitude

Width

Frequency

< 500 ohms

5. 0 ± 0.5 volts

5 microsec

1 per 96 millisec

Site Identification Code Outputs (5 bits per channel). These signals

represent identification codes of transponder sites tracked on

Channels 1 through 4. The signals are applied to telemetry.

Output Impedance

Voltage Levels

< 50 ohms

Logical "1" 5.5 ± 0. 5 volts

Logical "0" 0.25 ± 0.25 volts

Outputs from VCL to Digital Test Set. The following signals shall

be applied to the VCL digital test set from the VCL:

1. Four DC levels indicating busy status of Channels 1 through 4.

o First two bits of site identification codes assigned to Channels 1

through 4.
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3. A 1 kilohertz clock pulse.

4. A 0. l kilohertz clock pulse {frequency not critical).

Inputs to VCL from Digital Test Set. The following signals shall be

received at the VCL from the digital test set:

1. A DC level which will allow continuous transmission of each

word generated in the VCL.

2. A DC level which will allow manual assignment of Channels l

through 4.

3. Velocity Sign Inputs {1 per channel).

4. Signal-to-Noise Ratio Inputs (I per channel).

5. Channel Off Indication Inputs (I per channel).

6. Site Identification Code Inputs.

7. 0.1 Hz and 0. 1667 Hz Inputs.

Test Signals To and From Digital Test Set. The test signals of out-

puts from VCL to Digital Test Set and Inputs to VCL from Digital

Test Set have the following characteristics:

Input and Output Impedance Compatible with impedance of

system logic circuits

Voltage Levels Logical"l" 5.5 ± 0.5 volts

Logical"0" 0.25 ± 0.25 volt

3.1.3

3.1.3.1

Vehicle Command Transmitter (V'CT)

The vehicle command transmitter provides the modulation aIxd

power amplification for the command transmission from the vehicle

to each transponder site.

Functional Requirements -

Modulation. The command information gates "on" and "off"

the two RF outputs of the transmitter. A binary "one" gates

one frequency on; a binary "zero" gates the other frequency on.

3 -22



3.1.3.2

3.1.3.3

Amplification. The gated inputs are amplified to obtain the required

output level.

Multiplication. The input signals are doubled in frequency to obtain the

output frequency.

Filtering. Spurious radiation is suppressed by appropriate filtering.

Inputs and Outputs -

I, Carrier. An input carrier signal is provided from the FREQUENCY

SYNTHESIZER. This signal is at one-half the output frequency of

the "Is" carrier. A second input carrier signal is provided from

a crystal oscillator and is at one-half the output frequency of the
"0s" carrier.

...... C d .... i ......................
IVlOClUla_lon. umtIlall IIl£U_rIIl_bIU£1 _ [.2J. Ovzki_u ull Lgwu xii_J_bm. J_sub,i

inputs are positive-going square waves with a maximum repetition

rate of 1 kHz. The signals are aperiodic with a repetition time

determined by the "ones" and "zeros" in the binary coded command.

3. Supply Voltage. + 30v dc.

Output s

, Modulated Carriers. The modulated carriers are fed to the vehicle

command antenna.

Z. Monitoring Signals. Monitoring signals are routed to telemetry

to indicate equipment performance.

Principles of Operation - The Design Study Model of the Vehicle Command

Transmitter (see Figure 3-8) employs all solid-state components and is

designed to operate into a 50-ohm load at 2 watts. An input drive signal

of 69.0 MHz at l0 milliwatts is provided by the Master Oscillator/Frequency

Synthesizer. A second input drive signal at 69.02 MHz and 10 mw is pro-

vided to the power amplifier and, depending on the modulation input from the

Vehicle Command Logic, is gated. The gates provide 30 db of attenuation

in the "of,if state. The output of the modulator (gates) is amplified, then

doubled in frequency, and fed to the command antenna.
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3.1.4

3.1.4.1

3.1.4.2

The DC input power is 30 volts at 0.6 amperes. It is possible to

operate the transmitter at input voltages between 27 and 31 volts.

Test monitor signals are provided for monitoring the current in the

power amplifier stage and for the RF power output.

The transmitter is designed such that it can be mounted in any

position. The transmitter will operate over the temperature range
.20°C to +85°C.

Vehicle Tracking Transmitter (VTT)

The transmitter provides the modulated tracking carrier that is sent

to all AROD ground stations within "line-of-sight". The RANGE

MODULATION and a submultiple of the output carrier frequency are

supplied by the FREQUENCY SYNTHESIZER for use in deriving the

modulated tracking carrier. This modulated tracking carrier is

transmitted to the ground station where it is offset in frequency and

retransmitted to the vehicle.

Functional Requirements °

Modulation. The RANGE MODULATION is phase modulated onto a

submultiple of the output carrier frequency. The modulation index

at the modulator is chosen to provide a modulation index between 0.5

and 1.0 radians at the transmitter output.

Amplification. The modulated carrier signal is amplified to obtain

the required output power level.

Multiplication. The input carrier is multiplied prior to modulation

and the modulated carrier, subsequently, to obtain the required output

carrier frequency and the proper modulation index.

Filtering. Spurious radiation is suppressed by appropriate filtering.

Inputs and Outputs -

Inputs

. Carrier. An input carrier signal is provided from the FREQUENCY

SYNTHESIZER. The frequency of this signal is a convenient integral

submultiple (32) of the output carrier frequency.
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3.1.4.3

. Range Modulation. RANGE MODULATION is provided by the

FREQUENCY SYNTHESIZER. This signal is a complex wave-

form consisting nf the frequency components derived from

the four range tones.

. Supply Voltages. The required supply voltages are provided by a

source external to the transmitter.

Outputs

1. Modulated Carrier. The modulated carrier is fed to the vehicle

tracking antenna via the duplexer.

2° Monitoring Signals. Monitoring signals are routed to telemetry

to indicate equipment performance.

Principles of Operation - The Design Study Model of the Vehicle

Tracking Transmitter employs all solid-state components and is

designed to operate at 2276. 424 MHz with a minimum output of 2.0 watts

into a 50-ohm load. An input drive signal of 71.13825 MHz at l0 milli-

watts is provided by the Master Oscillator/Frequency Synthesizer.

The transmitter is phase modulated by four modulation tones between

2.27 to 2.34 MHz at an input power of 10 milliwatts. Each of the four

modulation signals i s independently adjustable such that each tone

can phase modulate the carrier at an index between 0.4 to 1. 5 radians

measured at the transmitter output. The four modulation tones are

provided by the Master Oscillator/Frequency Synthesizer.

The DC input power is 30. 0 volts at approximately 1.1 amperes.

is possible to operate the transmitter at input voltages between 28

and 32 volts.

It

Test monitor signals are provided for monitoring the transistor

current in each stage, the various signal inputs, and the power output

of the transmitter. These points provide a conditioned DC voltage

(with the exception of the DC input voltage) for continuously monitoring

the transmitter performance while it is operating.

The transmitter has been designed such that it can be mounted in any

position. However, the baseplate of the transmitter may not exceed

the design temperature limits of 0°C to +60°C.
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Circuit Diagram Analysis (Refer to Figure 3-9). The 71. 1 MHz RF

input signal from the VMO/FSunit is fed directly to a common emitter-

tuned collector transistor buffer amplifier. The input buffer ampli-

fier provides isolation between the transmitter and the V I_O/FS. The

input impedance is 50 ohms and the gain is I db. The unit is uni-

lateralized by feedback from the secondary of the output transformer.

The buffer amplifier drives a push-push varactor doubler. The

symmetrical doubler configuration is used because of the isolation

characteristics between input and output frequencies and the design

alignment simplicity. A trap is included in the unit to minimize the

fundamental frequency component at the doubler output. The doubler

efficiency is approximately 50 per cent.

The output of the varactor doubler drives the phase modulator stage.

The phase modulator is a common emitter-tuned collector transistor

amplifier with a gain of 7.6 db. The output tank circuit impedance

is phase modulated by a pair of varactors. Phase modulation is pro-

duced by the variation of capacitance across the tank circuit. The

_nodulation voltage is applied at the junction ot the two varactors by

the adder amplifiers.

The range tone signals are applied to the input of their respective

adder amplifiers. Each amplifier has a gain control to independently

vary the modulation index.

The output of the phase modulator is connected to the driver amplifier.

The driver is a common emitter-tuned collector transistor amplifier.

This amplifier has a power gain of about 5.7 db, providing an output

power of 3.8 watts.

The final power amplifier consists of three power transistors con-

nected in parallel. The final power amplifier has a power gain of

approximately 5.3 db and produces an output of lZ. 6 watts.

The final power amplifier stage drives the first quadrupler. The

quadrupler consists of two cascaded push-push varactor doublers

with over-all efficiency of 57.5 per cent.

The output of the first quadruplet drives a single varactor doubler

in a coaxial resonator. The output of this doubler is at approximately

1136 MHz with a nominal conversion efficiency of 68 per cent.
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3.1.5

3.1.5.1

The final doubler also uses a coaxial resonator structure. The output

of this stage is at approximately 2. Z7 GHz with a nominal conversion

effeciency of 60 percent.

The output from the final doubler feeds a handpass coaxial resonahor

filter. The insertion loss of the filter is nominally 0.4 db. The

output of the filter is the transmitter output connector. The 3 db

bandwidth is 70 MHz.

Vehicle Tracking Receiver (VTR)

The Vehicle Tracking Receiver provides continuous reception of the

signals from the Transponder Tracking Transmitters. Simultaneous

reception of four transponder stations is provided by the four
channel IF section which follows the wideband common RF section.

The receiver extracts from the received signals; range and range rate

data, station identification information, and input signals presence

and strength. Each channel employs pl_ase-iocl<ed ioops for tracking

the signal dynamics produced by vehicle motion with respect to the

transponders.

Functional Requirements -

Amplification. The input signals from the four operating transponders

are amplified to a usable power level. This is accomplished by a

low noise wideband RF section common to all signals received and
the IF section associated with each channel.

Demodulation. The four range tones and station identification informa-
tion are demodulated from the carriers in each channel such that

minimum phase errors are introduced when the received signals are

subjected to doppler frequency shift and acceleration.

Filtering. The noise power associated with the four carriers is

reduced by narrow band tracking filters (phase-locked loops). The

noise power on the demodulated range tones, and station identification

information is reduced by narrow band tracking filters (phase-locked

loops) or bandpass filters.
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3.1.5.2

Tracking. The four tracking loops are capable of phase-locking to the

four carrier components of the single sideband modulated signals from

the Transponder Tracking Transmitters such that range rate may be

determined to the specified accuracy.

Isolation. Sufficient isolation is provided between the four channels such

that range and range rate data may be extracted to the specified accuracy.

Operational Status. A signal is provided that indicates when the carrier

phase-locked loop and fine range tone loop have acquired and a signal

proportional to the received signal strength is produced.

In]_uts.and Outputs -

. Input Signals. Transmitted signals from four transponder stations

which have been spatially acquired by vehicle tracking antenna.

. Local Oscillator. Local oscillator inputs for first and third

mixers, 2114.826 MHz and 4. 684 MHz respectively, from

vehicle frequency synthesizer.

. Signal Processing Inputs. Input from the vehicle frequency

synthesizer for the first and second mixer, 70.26 MHz and

140.52 MHz respectively, for the velocity data extraction.

. Channel Offsets. Four second local oscillator inputs, one for

each of the four channels.

Outputs

• Range Modulation. The four range tones from each channel for

inputs to the vehicle range extraction unit.

_o Velocity Data. The doppler frequency and polarity from each

channel for inputs to the vehicle velocity extraction unit.

. Binary Coded Information. Site identification codes from each

channel for inputs to the vehicle command logic.

, Signal Condition. The received signal-to-noise ratio from each

channel for inputs to the vehicle command logic.

. Monitoring Signals. The following monitoring signals for each

channel are routed to telemetry to indicate receiver performance.
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3.1.5.3

a. AGC voltage

b. Acquisition indication

c. Noise signal

d. Signal-to-noise ratio

e. VCXO control voltage in carrier phase-locked loops

Principles of Operation - The complete VTR consists basically of one

RF section, which is common to the signals received from all four

transponder stations, and four separate IF sections, one for each

transponder input. The operations performed on the inputs from the

four transponders as they propagate through the receiver are identical;

consequently, the operation of only one channel need be described.

The center frequency of the second IF amplifier is the distinguishing

characteristic between the four channels.

RF Section. The frequency spectrum of the input to the VTR with all

four transponders operating simultaneously, and the RF section are

shown in Figure 3-10. The center of this spectrum is 2214.71 MHz

and is defined as the tuned frequency of the receiver. This input

spectrum is fed to the RF bandpass filter which is designed to provide

sufficient isolation between the vehicle tracking transmitter and

receiver. The output from this filter is routed to the tunnel-diode

amplifier. This amplifier provides the low noise figure needed for

the AROD system and has adequate gain to make the noise contribution

from the following components insignificant to the total system noise

figure. The amplified input spectrum is fed from the tunnel-diode

amplifier to the first mixer which converts the RF frequency spectrum

to an IF frequency spectrum centered at 99. 886 MHz. This IF

spectrum is routed to the first IF amplifier where it is amplified and

fed to the distribution amplifier. The distribution amplifier feeds four

IF bandpass filters which initiate the selectivity needed to separate

the four channels. The outputs from these filters are routed to the

second mixers that convert the input to the second IF frequency.

IF Section. The output from the second mixer feeds the two parallel

bandpass filters which have very narrow bandwidths with steep skirts

and provide most of the selectivity for the channel separation. The

outputs of these filters are summed together and are fed to the second

IF amplifier which provides an input for the carrier phase-locked loop

and the range data determination.

Carrier Phase-Locked Loop. The components for the carrier phase-

locked loop (PLL) are shown in Figure 3-II. A loop error signal is
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produced at the output of the phase detector when the input frequency is

not equal to the reference frequency and/or the input signal phase is not

within 90 ° + e of the reference signal phase. (e is the allowed steady

state phase error.) This error signal controls the frequency phase of

the voltage controlled crystal oscillator to maintain constant IF

frequencies with proper phase from the second mixer. The frequency

component obtained by converting the carrier frequency to an IF

frequency is compared with the reference frequency in the phase detector

to provide the error signal described above. The IF signal derived from

the carrier which feeds the 4. 684 MHz phase detector also provides an

input to the correlation detector which generates the automatic gain

control (AGC) voltage for the second IF amplifier.

The velocity information is obtained by mixing the multiplied output

from the i0. 539 MHz VCXO with a coherent frequency, multiplying the

difference frequency which will give zero frequency out when there is

zero doppler shift. The output from this second mixer, representing

the magnitude of the velocity, and the output of the carrier loop filter,

representing polarity of the velocity, are fed to the vehicle velocity

extraction equipment.

Range Data. The second output from the second IF amplifier is fed to

a product demodulator where new frequency components are derived

from the sum and difference between the frequency derived from the

carrier and the frequencies obtained from the four sidebands. The

spectrum represented by the difference frequencies is shown in

Figure 3-12 below and is fed from the product demodulator to the

2. 342 MHz phase locked loop and the 2. 342 MHz correlation detector.

(See Figure 3-13.)

FR1 - FRz FRI - fl FR1

Figure 3-12. First Demodulated Frequency Spectrum
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The g. 342 MHz phase-locked loop consists of the 2. 342 MHz phase

detector, loop filter, and voltage controlled crystal oscillator (VCXO)

as depicted in Figure 3-II. The output from the 2. 34Z MHz phase

detector provides an error signal to adjust the frequency of the VCXO

to equal the difference between the signals derived from the carrier

and the lowest sideband {the fine range tone). The output from the

2. 342 MHz VCXO represents the fine range tone and is fed to the

vehicle range extraction unit and, after receiving a 90 ° phase shift,

to the 2. 342 MHz correlation detector.

The spectrum fed to the 2.34Z MHz correlation detector is mixed

with the output from the 2.34Z MHz VCXO, shifted by 90 ° , which gives

the medium fine range tone, 73. 187 kHz, and two additional frequency

components defined by

FR 3 - FR 4

fl = 2 and f2 = 2

F R + F R
3 4 (3. 1-3)

The medium fine range tone is fed to a narrow bandpass filter,

amplified, and routed to the vehicle range extraction unit. During

initial acquisition, the station identification code is removed from

the medium fine range tone by feeding a parallel path consisting of a

bandpass filter, video detector, and video amplifier. This information

is fed to the vehicle command logic.

The two frequency components defined by fl and f2 are fed to a product

demodulator which extracts the medium coarse and coarse range tones,

FR3 and FR 4, respectively. The medium coarse range tone, FR3, is

obtained by summing fl with f2, while the coarse range tone is obtained

by subtracting fl from f2" The F R. tone is routed through a bandpass

filter, amplified, and sent to the ve4hicle range extraction unit. The

nonlinear properties of the product demodulator produce spurious

outputs which are ?i. 4? Hz above and below FR3. The phase-locked

loop shown in Figure 3-14 is used to remove these spurious signals

and reduce the noise by acting as a narrow band tracking filter. A

phase-locked loop was selected because of the small phase error

inherent with its operation during dynamic signal conditions.

The detail block diagram of the vehicle tracking receiver, excluding

the RF section is shown in Figure 3-15.
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3.1.6

3.1.6.1

3.1.6.2

Vehicle Range Extraction Unit (VREU)

The vehicle range extraction unit contains a reference generator

and four range data extractor modules, one per channel. A channel

has four range tone inputs which are delayed in phase due to trans-

mission to and from a given ground transponder. The range data

extraction equipment utilizes digital phase tracking loops to

detect this phase difference and to provide a binary readout which

is indicative of range in meters.

Functional Requirements - The major functional requirements of the

range data extraction equipment are

, to generate four range tones for transmission to a given trans-

ponder station,

_. to receive four range tones which are delayed in phase due so

transmission to and from a transponder station,

. to generate binary phase reference frequencies for use in

the digital phase tracking loops of the range unit, (These

frequencies are derived from a master oscillator frequency),

1 to detect phase difference between transmitted and received

range tones and to use this phase difference to continuously

update an active range register and

. to provide a binary readout from a buffer register which

indicates of range in meters; range resolution is +0.25

meters, and maximum range is 2097 kilometers.

Inputs and Outputs-

Inputs

1. A 4. 684 MHz reference frequency from master oscillator.

2. Four range tones from VTR.
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3.1.6.3

. A pulse to inhibit updating active range register while range data

is transferred to interfacing equipment.

4. A telemetry data transfer pulse.

Output s

1. Four range tones to VTT.

2. Twelve most significant bits of range data per channel to VCL.

. Twenty-three bits of range data and one reliable data bit per channel

to telemetry.

Principles of Operation -

General Description (See Figure 3-16)

The range data extraction equipment utilizes digital phase tracking loops

to detect phase difference between transmitted and received range tones.

The phase differences are used to continuously update an active range

register which provides a binary readout indicative of range in meters.

The following is a general description of the theory of operation of the

range extraction unit. It is suggested that the block diagram (Figure 3-16)
be used with this discussion.

One range data extraction unit consists of a binary phase reference

generator, four binary adders, three quadrature generators, four

digital phase detectors, an active register capable of counting up or down,
and associated mixers and filters.

The binary phase reference generator provides four tones to the vehicle

transmitter. They are

fl = sin W0 (t - T), (3. 1-4)

fz = sin [ (t - T) + a], (3.1-s)

f3 = sin W z [ (t - T) + _], and (3.1-6)

f4 = sinW 3 [ (t - T) + y] (3.1-7)

2R
where T =

C

with R = range in meters and

c = speed of light in meters per second.
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These tones are received by transponder stations and retransmitted to

the vehicle without losing phase coherence. Signals received at the

vehicle are

fl = sin W 0 t, (3.1-8)

f2 = sin Wl(t + _), (3.i-9)

f3 = sin W2(t + _) and (3. i-I0)

f4 = sin W3(t + _(). (3.i-ii)

The digital phase tracking loops are used to measure the angular

displacement between the transmitted and received signals and to

provide a direct range readout in meters.

The W 0 and W. frequencies are mixed down so that implementation of1
their corresponding tracking loops can be simplified. The demodulating

tones for these frequencies are produced using the quadrature generators,

balanced mixers, and lower sideband filters.

The digital phase detectors compare the received tones with their

corresponding reference tones to determine the amount of phase difference

between them. The phase of the reference is determined directly by the

contents of the range register. Each range word corresponds to a specific

angular displacement, which is added to the zero range phase reference.

This produces a reference whose phase is indicative of the contents of

the active range register. Therefore, if the received range tone lags

the reference, an error signal is generated which increases the magnitude

of the range word stored in the range register until the phase of the

received and reference tones are matched. If the received tone leads

the reference tone, the error signal from the discriminator causes the

magnitude of the range word to decrease until the received and reference

tones are in phase. The signal held in the counter is therefore continu-

ously updated, and it provides a binary number which is exactly

indicative of the phase difference between the reference signal and the

received tone.
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3.1.6.4 Specifications -

Performance Requirements

Maximum Range

Minimum Range

Ouantization

Maximum Range Rate

Reference Frequency Input (1 each)

Frequency

Amplitude

Input Impedance

rr_ .... T ...... A._

Fre que nc ie s

Amplitude

Input Impedance (2. 342 MHz)

Others

Reference Tone Outputs (4 each)

Fre que ncy

Amplitude

Output Impedance

2097 km

0 mete r s

+0.25m

9000 m/sec

4. 684 MHz

2.0 v p-p sine wave + 1.0 db
m

50 ohms

2. 342 MHz

73. 1875 kHz

2. 2871 kHz

7I.47 Hz

2.0 v (p-p sine wave) + I.0 db

50 ohms

500 ohms

2. 342 MHz

73. 1875 kHz

2.2811 kHz

71.47 Hz

2.0 v (p-p sine wave) + I. 0 db

50 ohms
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Range Data Inhibit Pulse Input (I each)

Amplitude

Width

Frequency

Input Impedance

O_tput to Vehicle Command Logic

Output Format

Logic Levels

Output Impedance

Telemetry Output

Output Format

Logic Levels

5.5v+O. Sv

5 _s

1/96 ms

I0,000 ohms

12 MSB of binary data per channel

"1" 5.5+0.5v

"0'10. 25 + O. 25
I

1000 ohms

A minimum of Z3 bits and 1 reliability
bit for each of four channels

"I" 5.5 + 0.5 v

"0" O. 25 + 0.25 v

Output Impedance I000 ohms

Te_emet_r)r Data Transfer Pulse Input (1 each)

Amplitude 5.5 +_ 0.5 v

Width 5.0 _ts

Frequency 4 Hz

Input Impedance 10,000 ohms
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3.1.7

3.1.7.1

3.1.7.2

Vehicle Velocity Extraction Unit (VVEU)

The vehicle velocity extraction unit (VVEU) accepts up to four channels

of doppler information from the vehicle tracking receiver. It measures

the doppler information over a given time base to convert it into velocity.

The accumulated velocity is presented directly to a telemetry interface.

Functional Requirements - The major functional requirements of the

VVEU are

. to count a 2.5 Hz to I. 6 MHz doppler frequency from each of four

tracking channels,

to provide a 200-millisecond time base over which doppler

frequencies are counted,

3. to determine the velocity sign on each channel,

4. to synchronize, ,:w_,t"..... _=_,,,_.'........... y _,,,_ p,_l,_.___. the velocitv

accumulator time base clock and

. to generate a data transfer pulse every Z50 milliseconds for

interfacing equipment.

Inputs and Outputs -

i. Clock Pulse I00 kHz square wave

Z. TR Pulse 139 + 10 b_s pulse

3. Doppler 0 to 1.6 MHz sine wave (1/channel)

4. Sign -7 v to +7 v dc level(I/channel)

Outputs

1. Velocity Accumulator 1 9 binary information (1/channel)

2. Velocity Sign i bit binary information( I/channel)

3. Data Transfer Pulse 5 _s pulse
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3.1.7.3

3.1.7.4

Principles of Operation -

General Description (See Figure 3-17)

The TR pulse is a 5-volt, 139-microsecond pulse furnished by telemetry
every 0.25 second. This pulse is integrated to eliminate noise and is

reshaped by a Schmitt trigger. The reshaped pulse is synchronized to
the clock pulse in Control A. The output of Control A resets the time base
generator to "0" and sets Control B.

D

Control B enables the input gates to the velocity accumulators. These

gates remain enabled, and the velocity accumulators count the multiplied
dopple r inputs.

Two hundred milliseconds after the velocity accumulators are enabled,

the time base generator resets Control B through G3, disabling the

velocity accumulators. The accumulated count is retained in the

accumulators until another TR pulse starts another cycle.

If telemetry is not available to furnish TR pulses, the time base generator

enables Control B every 327.68 milliseconds through GZ. This allows

the VVEU to operate without telemetry interface.

The time base generator enables G4 I00 milliseconds after the beginning

of the cycle. This pulse is used to transfer range and time information

to the buffer storage registers.

The sign information for each channel is a slowly varying DC voltage.

This voltage is negative when the vehicle velocity is negativeand

positive when the vehicle velocity is positive, with respect to the

transponder beingtracked. These signals are shaped by the four shapers

and presented to the vehicle computer and/or telemetry with the velocity
information.

Spe c ific ation s -

Doppler Inputs (4 each)

Frequency 2.5 Hz to 1.6 MHz

Amplitude 2.0 v p-p sine wave

Input Impedance 50 ohms
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Velocity Sign Inputs (4 each)

Amplitude

Input Impedance

Slowly varying DC - 7.0 v to + 7.0 v dc

50 ohms

Telemetry Readout Pulse Input _TR) (1 each)

Fr e que nc y

Amplitude

Width

Input Impedance

Clock Input (1 each)

Frequency

Amplitude

Input Impedance

Velocity Sign Outputs (4 each)

Amplitude

Output Impedance

(to telemetry)

Output Impedance (to

VCL equipment)

4 Hz

5.5v+0. Sv

139 + 10 _ts

10 K ohms

100 kHz

5.5+0.5v

Compatible with output impedance

Positive Velocity 5.5 + O. 5 v
m

Negative Velocity 0.25 + 0.25 v

1000 ohms

Compatible with input impedance

Velocity Accumulator Outputs (4

Output Format

Logic Levels

Output Impedance

each)

19 bit binary word velocity plus sign

"1" 5. 5 v + 0.5 v

"0" O. 25 v + O. 25 v

1000 ohms
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3.1.8

3.!.8.1

3.1.8.2

Data Transfer Pulse Output (DT)

Frequency

Amplitude

Pulse Width

Output Impedance

Vehicle Timing Unit (VTU)

4 per sec. with TR input,l per

0. 32768 sec. without TR input

5.5v+0.5v

5 _s

Compatible with input impedance

The vehicle timing unit provides an accurate time reference for range

and velocity data readouts. The unit has a nonrepetive readout over a

five-minute interval. It is synchronized to a real time source just prior

to the AROD mission.

F,,_nre!nn_l R_n,llrernents - The rnalor functional reauirements of the

vehicle timing unit are

, to provide a binary coded readout indicative of time with reference

to a five-minute time marker. The time readout shall have a

resolution of 10 microseconds,

e to provide a capability of synchronization with a real time source

within plus or minus I0 microseconds,

. to provide a nonrepetitive readout over an interval of five minutes

and

. to transfer timing data from an active register to a buffer register

upon receipt of a data transfer pulse.

Inputs and Outputs -

1. Signal to reset all flip-flops

2. 200 kHz sine wave

3. Data transfer pulse
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3.1.8.3

3.1.8.4

Output s.

. 36 bit binary coded word representing time + 10 microseconds

2. Timing pulses to vehicle command logic

3. I00 kHz square wave-to-velocity extraction unit

Principles of Operation -

General Description (See Figure 3-18. )

Time Accumulator. The time accumulator consists of 6 divide by 10,

1 divide by 6, and 1 divide by 5 Johnson-type pattern generator(s). This

type of counting was used rather than straight binary counting because

of the propagation delay of the logic circuits used in constructing the
brassboard unit.

The Z00 kHz square wave is shaped by a Schmitt trigger and divided by

2 to produce a time base for the accumulator. The accumulator is

triggered as shown in the block diagram. The timing data from the

accumulator is transferred to the buffer register upon receipt of the

data transfer pulse.

The following square waves are available from the timing unit: I00 kHz,

10 kHz, I kHz, I00 Hz, I0 Hz, 1 Hz, 0.1 Hz, 1/60 Hz, and 1/300 Hz.

Synchroniz, ation Circuits. The synchronization circuitry consists of

three control switches and a variable monostable multivibrator. Proper

setting of the control switches generates pulses from the multivibrator

which either advance or retard the frequency of the 100 kHz clock. The

three control switches are; ADVANCE-RETARD switch which speeds

up or slows down the system clock, FAST-SLOW switch which controls

the speed of operation of the advance-retard mode, and SINGLE PULSE

switch which allows the time accumulator to be advanced or retarded by

one pulse at a time.

Specifications -

Time Source Input (I each)

Frequency 200 kHz

Amplitude Z. 0 v. p-p sine wave (min)

Input Impedance 50 ohms
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Data Transfer Pulse Input (DT) (1 each)

Frequency

Amplitude

Width

Input Impedance

Clock Output (I each)

Frequency

Amplitude

Output Impedance

Timing Pulse Outputs (4 each)

Frequencie s

4 per sec. or i per 0.32768 sec.

5.5v±0.5v

5.0_s

Compatible with output impedance

i 00 kHz

5.5v+0.5v

Compatible with input impedance

200 kHz

1.0 Hz

0.1 Hz

0.016667 Hz

Amplitude 5.5 v ± 0.5 v

Output Impedance Compatible with input impedance

Storage Register Output (Telemetry Interface)

Output Format

Logic Levels

Output Impedance

36 bit binary word

"I" 5.5 v + 0.5 v

"0" 0.25 v ± 0.25 v

1000 ohms
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3. 1.9 Vehicle Test Set (VTS)

The equipment designated the Vehicle Test Set has the requirements of

furnishing inputs to the vehicle-borne equipment that will simulate those

signal conditions encountered in the actual application of the AROD system.

3.1.9.1 Functional Requirements - The major functional requirements of the

vehicle test set are to

1 provide a means for calibrating the time delay of the range and

range ambiguity tones through the vehicle-borne tracking trans-

mitter, tracking antenna, tracking receiver {all 4 channels) and

range extraction equipment (all four channels), and through the

transponder tracking antenna, tracking receiver, frequency

translator/synthesizer and tracking transmitter for various ranges

. urovide a signal for the cophasal adjustment of the range and range

ambiguity tones in all four channels,

. provide a signal for measurement of range readout as a function

of signal dynamics {range rate),

e provide a signal that can be used to measure the range rate output

as a function of input signal-to-noise ratio for various range rates,

, provide means for testing vehicle-borne command logic demodulator

and recognition circuits for acceptance of correct lock-on

acknowledge signal,

t provide a signal for checking vehicle equipment acquisition as a

function of signal-to-noise ratio and simulated signal dynamics,

, provide a signal for the measurement of the sensitivity of each

channel in the vehicle-borne tracking receiver and

, test vehicle-borne tracking receiver's performance under conditions

of maximum simulated signal dynamics.
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3. 1. 9. Z InPuts and Outputs -

3.1.9.3

____P__32" All inputs are from frequency synthesizer.

, Range Tone Signals. 2. 342 MHz, Z. 34082 MHz, 2. 34089 MHz and
2. 2688 MHz.

Mixing Frequencies. 12. 6468 MHz, 14. 052 MHz, 19. 4386 M_Hz,
20.8438 MHz and 2114.826 MHz.

Outputs

• IF Outputs. The IF frequency spectrum for each channel is

generated by the use of phase locked oscillators. The output level

of each channel is variable from -10 dbm to -130 dbm. The output

carrier frequencies are as follows:

Channel 1 - 96. 9588 MHz

Channel 2 - 98. 364 MHz

Channel 3 - 103. 7506 MHz

Channel 4 - 105. 1558 MHz

. RF Output. The RF output is a composite spectrum composed of

desired IF frequency mixed up with a 2114.8Z6 MHz signal.

. Doppler Readout• The Hewlett Packard 5245 L counter gives

doppler readout for the channel selected with selector switch.

Principles of Operation -The Vehicle Test Set consists of the vehicle maste

oscillator and frequency synthesizer, function generator, phase delay

unit, IF modules, RF assembly, and counter assembly. A simplified

block diagram is shown in Figure 3-19.

All four channels of the Vehicle Test Set are identical in design with

the only variation being the mixing frequency used to get the proper IF

frequency. Therefore, only channel one will be presented. The basic

frequency source is a I0. 539 IVIHz VCXO which gives the correct center

frequency when its control voltage is zero. The doppler offset is obtained

by varying the control voltage on the VCXO. This voltage is obtained

from the sine-cosine potentiometer. Doppler acceleration is obtained

by driving the potentiometers with a variable speed servo motor at the

desired rate.
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3.2

3.2.1

The output from the second IF is compared in the correlation detector
with the phase detector reference frequency, shifted by 90°, to obtain
the automatic gain control voltage. This voltage is amplified and fed
to the first IF amplifier to maintain the output of the second IF amplifier
at a constant level.

The VCXO output is multiplied by eight, then power sampled for the

counter circuitry, and mixed with 12. 6468 MHz to obtain the carrier

frequency of 96. 9588 MHz. This carrier frequency is then used to phase

lock an oscillator which in turn is used to phase lock four other oscilla-

tors that are offset by the respective range tone frequencies. The

combined output of these five oscillators comprises the frequency spectrum.

The 2. 2688 MHz range tone has a gate which can be modulated to simulate

lock-on acknowledge signal from transponder equipment. A variable

attenuator allows the IF frequency level to vary from -10 dbm to -130

dbm.

The IF's of each channel are combined and then mixed with 2114. 826 MHz

to obtain the proper frequency for the RF output. The output level is
variable fruL_1 or ___ __ iQn _.

Doppler readout is obtained by mixing the multiplied VCXO frequency

with a reference center frequency. The difference is doppler frequency

and is displayed on the counter.

Transponder System

The transponder system receives and amplifies the tracking spectrum

of the vehicle tracking transmitter, "removes" the range modulation from

the carrier, coherently translates (offsets) the carrier, "adds" the

range modulation to the new carrier, and retransmits the spectrum to

the vehicle tracking receiver.

The transponder command receiver and the transponder command logic

place the ground station in operation and turn it off via command signals
from the vehicle command transmitter.

A block diagram of the transponder system is shown in Figure 3-20.

Transponder Tracking Receiver (TTR)

The receiver provides controlled reception of the tracking signal from

the vehicle tracking transmitter. The ON-OFF control for the receiver

is provided by the transponder command logic. The input phase modulated

carrier is tracked by a phase-locked loop to reduce the noise power and

provide a coherent signal which can be used to obtain the retransmitted
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3.2.1.1

3.2.1 2

carrier. The range tones are demodulated, filtered, and sent to the

transponder frequency translator.

Functional Recluirements -

. Amplification. The pahse modulated carrier and range tones
are amplified such that the noise contribution on the ground to

vehicle link will not be significant.

. Demodulation. The range tones are coherently demodulated from

the carrier with minimum phase errors introduced when the

received signal is subjected to doppler frequency shift and ac-

celeration.

. Filtering• The noise power on the signal derived from the input

carrier (VCXO in carrier phase-locked loop) and on demodulated

range tones is reduced to insure no degradation to the Transponder

Tracking Transmitter efficiency due to noise.

. Tracking. A tracking loop phase locks a VCXO to the input carrier

for use in generating the coherent translated carrier for the

Transponder Tracking Transmitter.

. Acquisition Aiding. A signal (VCXO in the TC/DFR) that contains

a proportional down-link doppler frequency shift is supplied to the

Transponder Tracking Receiver. This signal is used to aid in

acquisition.

. Site Indentification. A stable, locally generated signal and a modu-

lator for placing the site identification code and other types of com-

munications on the carrier retransmitted back to the vehicle-borne

equipment are provided.

. Monitoring. The monitoring signals, which are processed for re-

cording, are provided.

Inputs and Output s -

I • Carrier. The phase modulated carrier spatially acquired by the

Transponder Tracking Antenna.
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3.2.1.3

Z. Acquisition Aid. The output from the voltage controlled crystal

oscillator in the phase-locked loop of the Transponder Command/

Direction Finding Receiver.

, Site Identification. The signal that provides the on-off control

and the modulating signal for the site identification code from

Transponder Command Logic.

. On-Off Power Control. The signal for on-off control of the

Transponder Tracking Receiver from Transponder Command Logic.

Outputs

l. Range Modulation. The demodulated range tones or range modulation

tones to the Transponder Frequency Translator.

Z0 Carrier Submultiple. A signal proportional to, and coherent with,

the received carrier (output of VCXO in carrier PLL} for the

Transponder Frequency Translator.

. Monitoring Signal. The signals listed below a_-_ _,_,_plcd and proces-

sed for reading:

a. First mixer current

b. Automatic gain control voltage

c. Acquisition by VCXO in carrier PLL

d. Range tones

e. Control voltage for VCXO in carrier PLL and range tone

PLL's

f. Noise detector output

g. Range tone ON-OFF switch (IA)

h. Modulated range tone (2. 2688 MHz)

Principle of Operation - The frequency spectrum from the Vehicle

Tracking Transmitter is received by the Transponder Tracking Antenna

(TTA), fed through the RF bandpass filter to the RF amplifier in the

RF section shown in Figure 3-21. The bandpass filter provides isolation

for the receiver from the Transponder Tracking Transmitter as well
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as reducing the possible spurious responses of the receiver. The KF

amplifier is a low-noise device, with sufficient gain to make additive noise

inputs past this point have negligible effects on system performance.

The output from the RF amplifier is fed to the first mixer, which converts

the RF spectrum to an IT spectrum centered at 103 MHz. After ampli-

fication in the first IT amplifier, this spectrum is then converted by

the second mixer to a center frequency of approximately 14 MHz. After

this conversion, the signal divides into two paths, one to complete the

carrier phase-locked loop shown in Figure 3-ZZ, the other to the range

tone demodulation circuitry depicted in Figure 3-23.

Carrier Phase-Lock Loop (Figure 3-ZZ). The output from the second

mixer is amplified, filtered, and compared with reference signal in the

phase detector. The output from the phase detector will be the steady

state error required to control the frequency and phase of the VCXO, or

a transient error produced during initial acquisition of the input signal.

Acquisition. Upon initial application of power supply voltages, the loop

signal and filter switches are in the state to pass the inputs from position

one. The inpu_ ,_un_" the _-.........._ ..... Command/Direction Finding Receiver

(TC/DFR) is a continuous wave signal which is nominally Z8. 104 MHz.

This signal is the output of the voltage controlled crystal oscillator

(VCXO) in the TC/DFR phase-locked loop. This loop is designed such

that its VCXO has the same frequency shift and rate-of-change of frequency

shift as that of the VCXO in the Transponder Tracking Receiver Carrier

phase-locked loop for a given vehicle radial velocity (dynamics). The

•,_,_ fronn _,_ TC/DFR (Z8. 104 iViHz ±fd/81) where fd is the doppler

frequency shift on the tracking link, is divided by two and sent to the

phase and correlation (AGC) detectors. The broken lines show the flow

of signals during acquisition. The Z8. 104 MHz VCXO is phase-locked to

the TC/DFR input by the error signal from the phase detector. This

error signal is fed through the acquisition low pass filter and loop filter

switch to the VCXO control input. The VCXO output is divided by two and

compared with the TC/DFR input in the correlation (AGC) detector.

The output from the correlation detector is a maximum when the VCXO is

phase locked to the TC/DFR input and is used to change the state of the

loop signal and filter switch when the maximum output occurs. The

switches are maintained in this state for a fixed time interval by a pre-

selected time constant independent of the output from the correlation

detector. The signal from the second IF amplifier is now compared with

the phase detector reference (VCXO output divided by Z) which produces

an error signal that phase locks the VCXO to the carrier input signal.

The stringent accuracy of setting the VCXO frequency is shown in the

operation described above. If the phase detector reference frequency
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is not sufficiently near the second IF output frequency, the phase detector

output, or error signal, will not be passed by the tracking loop low

pass filter. The loop filter is actually a single low pass filter whose

bandwidth is controlled by the loop filter switch. The bandwidth is

made wide for fast acquisition and is reduced for tracking. The loop

signal and filter switches are retained in number two state by the output

from the correlation detector when the VCXO is phase locked to the

second IF signal. If the second IF signal was not acquired within the

fixed time interval, the acquisition operation is repeated.

Tracking (Figure 3-22). The output from the second IF is compared

with the reference frequency in the phase detector which produces an

error signal to phase lock the VCXO to the input carrier frequency.

The second IF frequency is obtained by mixing the input carrier

(972 FR1) with NI Nz Fv(928 FR,) in the first mixer to obtain the first

IF frequency (44 FRI ), and then mixing the first IF frequency with

Nz N3 Fv(38 FR 1) in the second mixer. When the loop is locked, we
have

F c - NI Nz F v- Nz N3 F v = N4 F v (3. Z-'.,

or

F c = (N, Nz + Nz N3 + N4)F v (3.2-2)

where

N, Nz F v

Nz N3 F v

N4 F v

F v

N,

Nz

N3

N4

= 1st local oscillator frequency (928 FR,),

= 2nd local oscillator frequency (44 FR, ),

= phase detector reference frequency (6 FR1),

= VCXO frequency (12 FR,),

= 1856,

= 1124,

= 76 and

= 1/2 .
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3.2.2

Range Tone Demodulation. The IF spectrum centered at 14. 052 MHz is

fed to the range tone demodulation circuitry shown in Figure 3-23. The

four parallel bandpass filters separate the sidebands from the carrier and

reduce the noise power associated with the sidebands. The output of these

filters are summed together to obtain the spectrum, shown in Figure 3-24,

which is fed to the product demodulator. The sidebands are converted to

baseband frequency in the product demodulator by mixing the IF spectrum

with the phase detector reference, shifted by 90°. This is equivalent to

mixing the sidebands with a signal which is the same frequency as the IF

carrier but in phase quadrature. The baseband spectrum is shown in

Figure 3-25. This spectrum is filtered again to minimize the noise power

associated with the modulation tones to be fed to the Transponder Frequency

Translator. This filtering is applied directly to the F-RI and F R., - FR_
components through phase-locked loops. The fl and fz componerits, which

are produced at the output of the F R phase detector, are filtered by active

bandpass filters. The fl and fz components are fed to an ON-OFF switch

and then to the AM modulator where they are amplitude modulated (double

sideband) on to the FR1 tone.

The two outputs to the Transponder Frequency £ran._ia_u, _±, ,, .........

are the range modulation tones, are controlled by the Vehicle Command

Logic via the Transponder Command/Direction Finding Receiver and

command logic.

Standby and Acquisition. In the "standby" and "acquisition" modes, the

2. 2688 MHz VCXO is turned to OFF, the fl-fz ON-OFF switch is closed,

and the SI oscillator is turned to On. The SI oscillator output is pulse

code modulated with the transponder site identification code, and sent to

the TFT where it is modulated on the return carrier along with the FRI

range tone.

On Mode. In the "on" mode, the 2. 2688 MHz VCXO is turned to ON, the

fl'fz ON-OFF switch is closed, and the SI oscillator is turned to Off. The

output with the fl and fz components, are sent to the TFT where they are

modulated on the return carrier.

Transponder Frequency Translator (TFT)

The Transponder Frequency Translator accepts the output of the TTR,
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synthesizes the retransmit signal and acts as a driver for the TTT.

3. Z. 7. I Functional Requirements - The major functions of the TFT are:

l , to provide four specified multiplication ratios for the frequency

coherent generation of the translated tracking carrier frequency

using the signal received from the Transponder Tracking Receiver,

Z. to provide means for selecting one of the four specified multi-

plication ratios,

. to provide doppler compensation on the retransmitted signals,and

. to provide modulation (single sideband) of the carrier by the

range tone.

3.2. Z. Z Inputs and Outputs

Inputs

, Carrier Signal. A coherent submultiple of the received carrier

from the TTR.

., Modulation Tones. The original tones demodulated to baseband

from the TTR.

. Switching Voltages (5). Four for channel selection and one for

removal of doppler compensation from the TCL.

Outputs

, Output Spectrum. To the TTT per the four channel spectra of

Figure 4- 54, Page 4-130, of this report.

3.2.2.3 Principles of Operation - The basis for all the retransmitted carriers

is a VCO (see Figure 3-26) which, in normal operation, is locked to

the carrier output from the TTR, and, in the process of acquisition, is

locked to the output of the doppler reverser. The output of this VCO

is divided by 24, then split into three paths. The sum of the output of the

three paths is the retransmitted carrier frequency. The modulation

tones are introduced by a single sideband mixing technique in one of the paths.

See Figure 3-27 for the method used to introduce the modulation. The third

path provides the channel selection by switching in any one of the four

multipliers as determined by the Transponder Command Logic. Figures 3-28

and 3-29 show the multipliers used in the synthesis.

3-67



I

'===--I

I (_

L
,

e

.±_

(M

mJ

m

L¢

I •
I k
I V

im

m m

m

m

)

I

m

A

I_,
_1 _ "_
_,_

A •

_ m

m

_ U

m

J_

Z"

k _

m

A

0

I-t

0

_u

0

0

m

_ .2,
4_
°_.._

m

• i

f

m

D

m

o_

0

_o

0

o

.r.l

0

N
I

3-68



r'-

L

0

r

0 I

T
|

I=1
f

|

,._ ,_1
0

#

IM

I 'ee_

°F,i

°F,I

o

or=l

0

0

0

0

b,
!

U
0

,---t

N
I

3-69



PcoI IXIZ0 Detector

Loop

Filter

T

- Iivco I

I
60f

Figure 3-28. Block Diagram - TFT X60 Multiplier

3 -70



PCO

XZ4

Phase
VCO 4.8f

X 4. 8 Multiplier

I PCO I
X30 Ii Phas eDetector

6f

X 6 Multiplier

PCO Phase

X53 VCO lO.6f

X 10.6 Multiplier

f

PCO Phase

X5 9 Detector
VCO II. 8f

Xl 1.8 Multiplier

Figure 3-29. Block Diagram - TFT Channel Selection Multiplier

"_3-7 1



3.2.3.2

The doppler reverser is used during an intermediate step of frequency

acquisition of a new transponder by the system. See Figure 3-

for method of doppler reversal. The fz tone is provided by a free-

running stable oscillator. The ratio of fz/fl is 2/3. The output

frequency with fd = 0 is

fl + fz _ 4f2 =fl . 3fz =fl -(2>f I (3) =-f I (3.2-3)

Likewise, if a + &fl is introduced into the expression above for the

output frequency in terms of the input frequencies, it appears in the

output as a - Af which indicates the reversal of doppler as desired.

Transponder Tracking Transmitter (TTT)

Functional Requirements - The Transponder Tracking Transmitter (TTT)

provides power amplification of the tracking signal from the TFT.

Inputs and Outputs

Inputs

I. One of the four retransmit spectra from the TFT at 10 mw.

3.2.3.3

3.2.4

Outputs

l, One of the four retransmit spectra to the transponder tracking

antenna at 2 watts. (See Figure 4-54, pg. 4-130)

Principles of Operation - The TTT consists of three triode cavity amplifiers

in series, stagger-tuned to meet the bandwidth requirement.

Transponder Command/Direction Finding Receiver (TC/DFR)

The receiver provides continuous reception of the four inputs from the

direction finding antenna system. The receiver is phase locked to the sum

of these signals to provide demodulated binary command information

and acquisition aid for the transponder tracking receiver. The azimuth

and elevation angular positions of the space vehicle are determined from

the phase relationship between the four input signals.
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3.2.4. 1 Functional Requirements

3.2.4.2

Operating Status. The receiver provides a continuous communications

link from the space vehicle to the ground station, The input signal

must be acquired without acquisition aids.

Amplification. The four signals from the direction finding antenna

system are amplified to a usable power level with minimum degradation

of the input signal-to-noise ratio.

Vehicle Position Information. The vehicle azimuth and elevation angles

are determined for presentation to the control unit of the Transponder

Tracking Antenna,

Acquisition Aiding. A doppler approximation is supplied to the Trans-

ponder Tracking Receiver to enhance acquisition.

Demodulation. The binary coded command information is extracted for

use in station control,

Monitoring Functions.

le A recordable signal proportional to the received signal strength

is provided.

go A recordable signal proportional to the doppler frequency shift on

the command link is provided,

Inputs and Outputs

, Carrier. Four inputs are provided by the direction finding antenna

system. These four signals, one from each of the antenna ele-

ments, are obtained from the signal transmitted by the Vehicle
Command Transmitter.

Outputs

, Command Information. The demodulated binary "l" and "0" out-

puts are sent to the transponder command logic.
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3.2.4.3

_Q Doppler Approximation. The output from the voltage controlled

oscillator in the phase-locked loop is sent to the Transponder

Tracking Receiver for use in acquisition aiding.

o Vehicle Position Data. The phase detectors' outputs, which

provide azimuth data, and the subtractor amplifier output which

provides elevation data, are sent to the recorder.

, Monitoring Signals. The specified monitoring signals are sent

to the recorder.

Principle of Operation - The signal from the vehicle command transmit-

ter is received by the direction finding antenna system. The antenna

system consists of four symmetrically spaced omnidirectional anten-

nas, designated A I, Az, A3 and A 4. The output from each antenna is

fed to a separate RF amplifier. The outputs from the four RF amplifiers

are processed as shown in Figure 3-30 and as described below:

I. Phase shifted by an identical amount and summed vectorially to

obtain the reference voltage, E R, defined as

E R = E I + Ez + E3 + E4 and (3. 2-4)

E R = ZE[cos{_cosqbsin0) +

where

E 1 = voltage from antenna A 1,

Ez

E3

E4

lr

cos (_sinqb sin 0)] (3. 2-5)

= voltage from antenna A z,

= voltage from antenna A 3 ,

= voltage from antenna A 4 ,

= azimuth angular position of vehicle with respect to the

A I - A 3 axis and

= elevation angular position of vehicle with respect to the

zenith.

(The notation E represents a voltage that contains a real part A and

an imaginary part JB; thus, E = A + JB.)
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. The output, E 3, is shifted by 180 ° and linearly summed with E,

to give

E c = E I - E 3 . (3.2-6)

The output,E 4, is shifted by 180 ° and linearly summed with E 2

to give

E B = E z _ E 4 . (3. 2-7)

The signal, Ec,iS phase__shifted by 90* to obtain E A which is

linearly summed with E B to give

gAB = EA + EB (3.2-8)

or

EAB = 2E[ sin(_cos _sin0) + j sin(_sin_sin0)] . (3. 2-9)

The two signals, E R and EAB, obtained by the linear summation

described above, are the basic signals used in the receiver

phase-locked loop, binary command demodulation circuitry, and

the direction determination circuitry.

Description of Input Signal. The signal received by the antenna is a

pulse modulated carrier at 137. 995 MHz representing a binary "l"

or a pulse modulated carrier at 138. 031 MHz representing a binary

zero. The Standby word is depicted in the time domain by Figure 3-31.

The Standby message, which is the word repeated eight times, is

approximated by the conventional (sin _At/2)(n0_At/2) in the frequency

domain, as shown in Figure 3-31. The Standby word, which is composed

of all binary "l"s (except the last bit which is a "0"), is repeated eight

times every 960 milliseconds, leach Standby word consists of a one milli-

second synchronization pulse followed by a one millisecond off time, then

a sequence of ten one millisecond time intervals containing a one-half

millisecond pulse and no pulse state of equal length. (Refer to Section III,

Vehicle Command Logic for a complete description of all command word

formats. )

Phase-Locked Loop. The simplified block diagram for the phase-

locked loop is shown in Figure 3-32. The reference signal, E R, is

3-76



m i

--I -'_- I_

m

m

2

m

m

m

m !m

i

Time

(millis ec onds )

Figure 3-31a. Standby Word (Time Domain Representationl

Amplitude

(volts)

Av ,llllJ,,]
1

Fk-_- _ F k

IL
1

T

.11111 EAt
sinn_At/Z

T n_z3t/2

ill
!

l

Fk+_'_
f

F k = 137. 995 MHz

At = I. 0 milliseconds

= 2Tr/T

T = 960 milliseconds

tE = received pulse amplitude

Figure 3-31b. Standby Word (Frequency Domain Representation)

3-77



L)
0

i

m _ t,1

--i[_..11-I ,
, II
, __[_ II a
I _..L_

k _4 I

_ _I ,_
_1 _ _

-r r
, I

i_°,

_L
1'4 |

o_-I |

_J_ I

4-
|

Ze-i

v i

I

I

0

4-_ ,el

0

0

0

I

I

.r-t

0

I
_e3

.,-I

3-78



used as the input to the loop. Equation (3.2-5) shows that ER assumes

the magnitude 2E for 8 = 90 ° and4E for 0 = 0 °. The "Is" input signal,
which is 137.99503125 MHz with zero doppler shift, is converted to

11.527 MHz in the mixer by the local oscillator. The 11.527 MHz

IF signal is amplified, amplitude limited, and then compared with

a reference signal in the phase detector. The output from the phase

detector, which is the loop error signal, is filtered, amplified, and

send to the VCXO control input for phase locking with the input signal.

The nominal frequency of the VCXO (28. 104 MHz) was made identical

to that of the VCXO in the Transponder Tracking Receiver carrier

phase-locked loop. Thus, the required signal for acquisition aiding

of the transponder tracking receiver is obtained. The nominal frequency

(126. 468 MHz) for the local oscillator is obtained by multiplying the

VCXO output by 9/2. The phase detector reference frequency, nominally

ll. 527 MHz, is synthesized from the VCXO output by an effective mul-

tiplication of II. 527/28. 104.

The reference signal, ER, can assume one of two possible frequencies:

i. 137. 99503125 MHz when a binary "l" is transmitted.

2. 138. 031625 MHz when a binary "0" is transmitted.

The phase-locked loop is designed to lock to the binary "l"s only.

This is accomplished by using multiplication factors N 1 and N 2, as

shown in Figure 3-32, and limiting the bandwidth of the phase-locked

loop low pass filter to i0 kHz. The format of the Standby word was

determined by this choice. The frequency of the VCXO is related to

the input frequency by

F k : (N I + Nz)F v (3.2-10)

When the input is subjected to the anticipated dynamics of

,

2.

maximum doppler frequency shift = ± 4.85 kHz and

maximum doppler acceleration = 173.2 Hz/sec,

the IF input frequency (Fk - N I Fv) to the phase detector will not be

equal to the reference (Nz Fv). This will produce an output error

signal with the proper magnitude and polarity to adjust the VCXO

frequency so that
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Fk ± fd - NI (Fv + AFv) = Nz(F v + _F v) (3. 2-Ii)

or

F k m fd = (NI + Nz)(F v + AF v) (3. 2-12)

From Equation (3.2-12), it can be seen that a doppler frequency shift of

± fd at the receiver input produces a VCXO frequency shift of ± fd/

NI + Nz (± fd/4.91). The phase detector reference frequency, and,

consequently, the IF input frequency vary by ± fdN2/(N l + Nz)

(± fd/ll.9).

Command Demodulation. The block diagram shown in Figure 3-33

depicts the circuitry required for the demodulation of the binar_ff com-

mand or station control information. The reference voltage, E R, is

converted to the IF frequency in the mixer by the local oscillator sig-

nal. The IF frequency is ii.527 MHz when a binary "l" is received

and is Ii.563 MHz when a binary "0" is received. The output from

the mixer is amplified by the gain controlled IF amplifier. The

center frequency of this amplifier is iI. 527 MHz and the bandwidth

(± 50 kHz) is sufficient to pass the IF frequency (II.563 MHz) representing

a binary "0". The output from the IF amplifier is sent to parallel band-

pass filters. The filter centered at ii.527 MHz allows the IF signals

representing a binary "l" to be detected, amplified, and sent to the

Transponder Command Logic. The filter centered at II.563 MHz

permits the IF signals representing a binary "0" to be detected,

amplified, and sent to the Transponder Command Logic. The 3 db band-

width of both filters is ± 2.0 kHz. The selectivity characteristics of these

filters have sufficiently sharp skirts that the undesired responses (i.e.,

a "I" received by the "0" channel, or a "0" received by the "i" chan-

nel) are below the threshold of the envelope detectors.

Direction Determination Circuitry. A detailed analysis of the direction

finding technique has been performed in 4. 2.1, pg. 4-20. An ab-

breviated discussion is given in this section using the diagrams

shown in Figures 3-34 and 3-35.

The signals, ER and LAB, which are defined by Equations (3. 2-5) and

(3.2-9), are converted to the IF frequency (Ii.527 MHz) in the mixers

by the local oscillator signal. The outputs of the mixers are amplified

by the IF amplifiers whose gains are controlled by a common voltage.

This voltage is obtained from a linear summation of the E R and LAB

envelopes provided by the envelope detectors (see Figure 3-34). The
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-18__E 90° 180°
qbjR - q_AB

qbj R = phase of reference voltage E R shifted by 90 °

q_AB = phase of EAB

Figure 3-35a. Output From Lower TC/DFR Azimith Phase Dector

I

-180 °

"E

i_11180 °

/E

_bR - qbj AB

_bR = phase of reference voltage E R shifted by 90 °

q_j AB = phase of EAB shifted by 90°

Figure 3-35b. Output From Upper TC/DFR Azimith Phase Detector

3-83



3.2.5

3.2.5.1

magnitude of this sum is approximately 4E for all values of # and

0 . Thus, the AGC voltage is proportional to range only as the voltage

E is a function of range. Table 3-2 shows E R + EAB for several

values of q5 and @

Elevation Data. The outputs from the envelope detectors are sent to

a subtractor amplifier which provides the difference signal,

E d = E R - EAB (3. 2- 13),

The magnitude of this difference signal is a function of the angle

(vehicle elevation) and is relatively independent of the vehicle azimuth,

. This difference voltage varies from 4E for 0 = 0° to 0 for 0 = 90 ° .

Table 3-2 shows E R EAB for several values of _ and 0

Azimuth Data. The amplified signals, E R and EAB, are amplitude

limited and sent to the azimuth phase detectors. The reference voltage,

E R, is phase shifted by 90 ° and is compared with EAB in the lower

azimuth phase detector. The output from this phase detector, depicted

in Figure 3-35 , is amplified and sent to the recorder.

The voltage, EAB, is phase shifted by 90 ° and is compared with E R in

the upper azimuth phase detector. The output from this phase detector,

shown in Figure 3-35 , is conditioned for recording by the recorder

driver amplifier.

The complete detail block diagram for the Transponder Command/

Direction Finding Receiver is shown in Figure 3-36.

Transponder Command Logic (TCL)

The q_ansponder Command Logic accepts the demodulated command

information from the command receiver, determines correctness and

applicability of the command, and generates switching voltages and

messages as required.

Functional Requirements -

Memory. The site identification code shall be stored with the capability

for non-destructive readout. Memory contents shall be changeable.
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TABLE 3-2

DIRECTION FINDING OUTPUTS

Angle Angle Angle Angle Angle

El E2 E3 E 4 E R

Angle

EAB

0

30 °

30 °

30 °

30 °

30 °

30 °

30 °

60 °

60 °

60 °

60 °

60 °

60 °

60 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

All
value s

180

150

120

9O

6O

30

0

180

150

120

9O

6O

30

0

330

3OO

270

240

210

180

150

1Z0

9O

6O

3O

0

o

-45

-39

-22. 5

0

22.5

39

45

-78

-67. 5

-39

0

39

67.5

78

78

45

0

-45

-78

-90

-78

-45

0

45

78

9O

o

0

22.5

39

45

39

22.5

0

0

39

67.5

78

67.5

39

0

-45

-78

-90

-78

-45

0

45

78

9O

78

45

0

0

45

39

22.5

0

-22.5

-39

-45

78

67.5

39

0

-39

-67.5

-78

-78

-45

0

45

78

9O

78

45

0

-45

-78

-90

0

0

-22.5

-39

-45

-39

-22.5

0

0

-39

-67.5

-78

-67.5

-39

0

45

78

9O

78

45

0

-45

-78

-90

-78

-45

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

31.2

58.8

9O.O

121.2

148.8

180

0

34.3

55.7

9O. 0

124.3

145.7

180

- 144

-126

-90

-54

-36

0

36

54

9O

126

144

180
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TABLE 3- 2 (Continued)

DIRECTION FINDING OUTPUTS

Upper Lower

Mag Mag Channel Channel

E R EAB ¢ Det @ Det

ER

+

EAB

ER

EAB

0

30 °

30 °

30 °

30 °

30 °

30 °

30 °

60 °

60 °

60 °

60 °

60 °

60 °

60 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

90 °

All

value s

180

150

120

90

6O

3O

0

180

150

120

9O

6O

3O

0

330

3OO

270

240

El0

180

150

120

9O

6O

3O

0

4E

3.4E

3.4E

3.4E

3.4E

3.4E

3.4E

3.4E

Z.4E

2. 318E

2. 318E

2.4E

2. 318E

2. 318E

2.4E

I. 83E

i. 83E

2E

I. 83E

I. 83E

ZE

I. 83E

i. 83E

2E

1.83E

2E

2E

1 414E

1 47E

1 47E

1 414E

1 47E

1 47E

1 414E

1 85E

2. 24E

2. Z4E

I. 96E

2. 24E

2. 24E

I. 96E

Z.41E

Z.41E

2E

2.41E

2.41E

ZE

2.41E

2.41E

2E

Z.4E

2.4E

2E

-E

-6E

-3E

0

+.3E

+.6E

+E

-E

-.6E

-.3E

0

+.3E

+.6E

+E

+.6E

+.3E

0

-.3E

-.6E

-E

-.6E

-.3E

0

+.3E

+.6E

+E

0

+.3E

+.6E

+E

+.6E

+.3E

0

0

+.3E

+.6E

+E

+.6E

+.3E

0

-.3E

-.6E

-E

-.6E

-.3E

0

+.3E

+.6E

+E

+.6E

+.3E

0

4E

4.8E

4.87E

4.87E

4.8E

4.87E

4.87E

4.8E

4.35E

4. 56E

4. 56E

4. 36E

4. 56E

4. 56E

4. 36E

4. Z4E

4. 24E

4.0E

4. 24E

4. Z4E

4.0E

4.24E

4.24E

4.0E

4. 24E

4.4E

4.0E

4E

1 986E

1 93E

1 93E

1 986E

1 93E

1 93E

1 986E

0. 55E

0.07E

0.07E

0.44E

0.07E

0.07E

0.44E

-0. 58E

-0. 58E

0

-0. 58E

-0. 58E

0

- 0. 58E

- 0. 58E

0

-0. 58E

-0.4E

0
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3.2.5.2

Decisions. The unit makes the decisions required to verify both accuracy

and applicability of received commands and to activate the proper

switches to accomplish the applicable commands. The decisions are

based on the incoming command words and the data stored in memory.

The TCL makes the following decisions:

. To accept (or reject) each decoded command as accurate by parity

check and comparison of each decoded word with stored reference

words.

Z, To accept (or reject) the decoded command as applicable to the

particular transponder by comparison of the received S1 code

with the stored code.

, To activate the "off-to-standby" switch on reception of a valid

command to do so.

, To activate the proper "channel select" switch on reception of a

valid command to do so.

, To activate the "standby-to-acquisition" switch on reception of

a valid command to do so.

, To activate the "acquisition-to-on" switch on reception of a valid

command to do so.

. To activate the "on-to-standby" switch on reception of a valid

command to do so.

. To activate the "standby-to-off" switch after a preset time has

elapsed from reception of a valid "on-to-standby" command.

Message Generation. The unit generates a site identification coded message
for transmission to the vehicle,

Inputs and Outputs -

_nput s,

I. Trinary RZ coded digital data from the TC/DFR

2. Supply voltages + 5.5 v, - 5.5 v
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Output s.

1. "Off-to-standby" switching voltage

Z. "Channel select" switching voltage

3. "Standby-to-acquisition" switching voltage

4. "Acquisition-to-on" switching voltage

5. "On-to-standby" switching voltage

6. "Standby-to-off" switching voltage

7. Site identification code

8. Monitoring signals

a. Digital data input

b. Supply voltages

3. Z. 5. 3 Principles of Operation -

General Description. The function of the Transponder Command Logic

is to accept serial data from the Transponder Command Receiver, to

perform checks to assure that the data is correct, to decode and store

the pertinent information, and to present this information to the various

transponder units for the performance of the commands. (See Figure 3-37)

Data received from the demodulator is intrinary form. Positive pulses

are "ones", and the negative pulses are "zeros." This form of data

is chosen over straight binary because it gives a positive indication of

both "ones" and "zeros". The use of properly adjusted Schmitt Triggers

permits the separation of the data so that the "ones" and "zeros" occur

over different lines while at the same time reshaping the pulses.

Since the incoming data is not in phase with the transponder timing

source, it is necessary to synchronize the internal timing source with

the data at frequent intervals. This is accomplished by gating the "one"

and "zero" data lines so that the timing source can by synchronized at

the beginning of every bit. This, in effect, eliminates the need for a

stable time source, thereby permitting the use of an astable multi-

vibrator as the transponder timing source.
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To assure proper receipt and interpretation of data, some method of
word synchronization is required. The method chosen is to begin
each transmitted word with a positive pulse of l-millisecond duration
followed by a neutral level of l-millisecond duration. Since each

data bit has a 0.5-millisecond duration, it is relatively easy to

distinguish the sync bit from a data bit by counting the number of

timing pulses that occur within the bit time. This method of synchroni-

zation was chosen for its simplicity, ease of implementation, and

the minimum amount of time required for detection.

After the word sync bit is detected, data bits should occur at regular

fixed intervals. Thus, a four-stage synchronous binary counter, with

decoding of a particular count, is used to determine exactly when each

data bit should occur. Pulses generated from this counter are used

to shift the data into the shift register. These pulses are counted so

that the end of the word can be determined.

Odd parity is checked by feeding the one data line to a flip-flop and

checking the state of the flip-flop at the end of the word. If parity is

incorrect, the word is not accepted.

The data clock pulse is gated with the "one" and the "zero" data lines

to assure that a data bit occurs at each bit time. If these pulses do

not occur simultaneously, then a bit time error has occurred, and

the word is not accepted.

Incoming data is shifted serially into a ten-stage shift register by use

of the bit time pulse which occurs during the presence of a "one" or

"zero" at the set or reset inputs.

Data received into the shift register is compared, after the end of the

word is detected, with a pre-stored word to determine whether the

word is the one expected. Since there are only four possible words

to receive and, the :command words are to occur in a given sequence,

it is no problem to pre-select the proper word and compare it to the

received word.

If, after receiving the word into the shift register, there is no parity

error, no bit time error, and the words compare, then it is presumed

that the word is correct. It is now necessary to decode the pertinent

data from the shift register and to store the commands.
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3.2.5.4

Upon receipt of the "standby-to-acquisition" command, it is necessary
to transmit the site code to the vehicle over the tracking link. Due
to characteristics of the transmitter, the data is in an NRZ (non-
return to zero) format, rather than the trinary RZ format used on the
command link. The NRZ format requires that a coded series of bits
be used for word synchronization. The synchronization code contains
six bits and precedes the site identification code in each word trans-
mission.

A time delay relay is used to reset the transponder to its initial state

in case a given period of time passes without receipt of a command.

This is to turn the transponder off in case of loss of contact after

receipt of any command.

Specifications -

Command Data Inputs (2)

Bit Rate

Rise and Fall Time

Code Format

Logic Level

One Input for each Logic Input

l kHz

•25 ms

RZ binary

"I" + 1.0 v

"0" + i. 0 v

Pulse Width

Input Impedance

0.5 ms

50 ohms

Output to TTT Modulator (1)

Bit Rate

Code Format

Logic Levels

Output Impedance

l kHz

NRZ binary

"i" 5.5 + .5 v

"0" .25 + .25 v

470 ohms

Frecluency Selection Outputs (4)

Logic Levels

Output Impedance

"i" 5.5 + .5 v

"0" .25 + .25 v

470 ohms

Command Control Outputs (4)

Logic Levels

Output Impedance

"i" 5.5 + .5 v

"0" .25 + .25 v

470 ohms
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3. 2.6 Transponder Test Set (TTS)

3.2.6.1

3.2.6.2

The Transponder Test Set has the requirement of furnishing inputs to

the transponder equipment that will simulate those signal conditions

encountered in the actual application of the AROD system.

Functional Requirements -

The functional requirements of the transponder test set are

, To provide an RF frequency spectrum for the simulation of the

output from the vehicle-borne tracking transmitter, (Output

also provides for variable doppler acceleration and maximum

one way doppler. )

2. To provide an RF frequency spectrum for the simulation of the

output from the vehicle-borne command transmitter. (This

output also provides for variable doppler acceleration and

maximum one way doppler. )

. To provide a command word generator for modulating the RF

command output.

Inputs and Outputs -

Inputs. All inputs are from frequency synthesizer•

I. Ranse tones. 2. 342 MHz, 2. 34082 MHz, 2. 34089 MH, and

2. 2688125 MHz.

. Mixing frec_uencies. 12. 6468 MHz, 14. 052 MHz, 58. 55 MHz,

68. 9975 MHz, and 2114. 826 MHz.

Output s

• IF Output. The output frequency of the IF module is 98. 364 MHz

and its level is adjustable in one db steps from -10 dbm to

-130 dbm. It is phase modulated with the four range tones.

. Command Output. The command output consists either of two

frequencies, 137. 995 MHz or 138. 0316 MHz whose levels are

variable from -30 dbm to -130 dbm. Actual output depends on

the modulation applied at the command modulator inputs.
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3.2.6.3

o RF Output. The RF output is 2276. 424 MHz and its level is

continuously variable down to -150 dbm.

. Doppler Readout. The Hewlett Packard 5245L counter is used

for doppler readout. The doppler of the command or tracking

signals can be selected by a monitor switch.

Principles of Operation -

The Transponder Test Set consists of a master oscillator and frequency

synthesizer, function generator, command module, IF module, counter

assembly and RF assembly module. All inputs to the test set are from

the VMO/FS. A simplified block diagram is shown in Figure 3- 38.

Function Generator. The function generator consists of a servo motor,

two sine-cosine potentiometers, and two VCXO's. The outputs of

the VCXO's, at 10.539 MHz, are varied to simulate doppler and doppler

acceleration. Doppler offset is accomplished by use of the sine-cosine

potentiometer. The wiper voltage determines the control voltage on the

VCXO and thus the frequency of oscillation. Acceleration is simulated

by use of the servo driven sine-cosine potentiometers. Desired accelera-

tion is selected by the calibrated dial on the Function Generator panel.

The outputs of the function generator are fed to the command module and

IT module.

Command Module. The 10. 539 MHz signal from the function generator

is mixed with 58.55 MHz and then phase locked to two local oscillators

whose outputs are 46. 01053 MHz and 45. 99833 MHz. These frequencies

are applied through separate coaxial switches to become the code word

modulation of the command output. Beyond the coaxial switch, the

signals are amplified and multiplied by three providing output frequencies

of 137. 995 MHz and 138. 0316 MHz. A power sampler precedes the

RF attenuator on the output and is used to supply the counter assembly.

The RF output is variable from -10 dbm to -130 dbm.

IF Module. The 10.539 MHz signal from the function generator is

multiplied by eight, mixed with 84. 312 MHz and sampled by the counter

circuitry to get the doppler offset reading, and added to the 14. 052 MHz

signalup to 98. 364 MHz. This is, in turn, used to phase lock an

oscillator. The oscillator output is phase modulated with the combined

range tones and there divided between IF output and the RF assembly

input. IF output level is variable from -10 to -130 dbm.
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3.3

3.3. Z.I

3.3.3

3.3.3.1

RF Assembly. The 98. 364 MHz input to the RF assembly is mixed

with 2178.06 MHz (obtained by mixing 2114.8Z6 MHz and 12. 6468 MHz

multiplied by five) to obtain the final output of 2276. 424 MHz. This

output is continuously variable from -80 dbm to -180 dbm.

Counter Assembly. The sampled power from the tracking channel is

mixed with a signal at the reference frequency and the result applied

to the Hewlett Packard 5Z45L counter for readout of the doppler freq-

uency shift. Similar procedures are used for command doppler read-

out. Operation with the tracking or command links is selected by use

of the selector switch on the Rt p module front panel.

Drawing Documentation

Drawing numbers suffixed by "B" have been prepared by Brown

Engineering Company, Inc. Those suffixed by "R" are reproducibles,

and those without suffixes are assigned to drawings not now available.

The drawing numbers in parentheses are those of the supplier of the

particular equipment. These drawings may be found in their final

reports: ITT Federal Laboratories in final report for Contract No.

NAS8-5483; Metric Systems Corporation in final report for Contract

No. 8-I1526-i; Space Craft, Inc. in final report for Contract No.

NAS8-5480; and TRW Space Technology Laboratories in final report

for Contract No. NAS8-548Z.

AROD System A20000B

AROD Vehicle System Block Diagram A21000B

The detailed drawings associated with this block diagram are listed

in sections 3.3.3.3 and 3.3.3.4.

Vehicle System and Support Equipment Block Diagram - A21 i00

FliGht Test System (Aircraft System) SKI 1042-1 AZ2000B

Packa_in_ and Miscellaneous Drawing -
A22300

A. Frame and Details (Aircraft

Mount) SKI 1038- I A22301B

B. Rack Panels (Rear) SKl1834-1 AZ2302B

C. Rack Panels (Side) SKI 1834- 2 A22303B

Blank Front Panel SKI 1834- I 7 A22311B

D. Telemetry Mounting

E. Mount Bracket (Telemetry

F. Fan Installation

SKI 1-27-63-I

SKII059-I

SKI0-05-63- I

AZ2304B

AZZ305B

A22306B

3- 97



3.3.3.2

3.3.3.3

G. Mount Bracket (Fan)

H. Bracket (VTR Mount Filter)

I. Bracket (TD Amp & Circulator)

J. Bracket, Mount (APU)

K. Cable Supports

Z. Magneto Cover

M. Antenna Mount

N. Mounting Parts VTT, VCT & TTT

O. Tunnel Diode, Filter, Circulator
Package

Cabling

P. Horn Antenna Mount (Test Fixture)

Q. Test Antenna Mount (Test Fixture)

R. Test Antenna Mount (Test Fixture)

S. Equipment Installation (Void)

Support Trailer -

Vehicle Equipment Package (External

Cabling, Aircraft)-

A. VTR

B. VCT-VTT Drawer Block Diagram

[. VTT

2. VCT Block Diagram

C. Power Distribution Unit (Layout)

D. VMO
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SKI1318-I

SKI 1783- I

SKI 1782- I

SKII069-1

SK02-27-64

SK175

SK127

SK04- 29-64- 2

SKI 1663

SK11662

SKI 1680

SK10-05-63- 1

SKI 1068-1

SK03- 16-64- 1

SKI 1073-I

AZZ307B

A22308B

A22309B

A22310B

A22315B

A22312B

A22313B

AZ2314B

A2231 I- IB

A22311-2B

A22318B

A22316B

AZ2317B

A2231 9B

A22400

A22100B

AI8000

A90000B

AI0000

A1 2000B

A40100B

Al I000



3.3.3.4

E. Vehicle Monitor Unit (Layout)

F. Digital Distribution Unit (Layout)

G. VVEU

H. VTU

I. VCL

J. VREU

K. Antenna

L. Telemetry System

Vehicle Equipment Package Detailed

Drawing List -

A. Vehicle Tracking Receiver

I . Power Supply & RF

Distribution

a.

b.

C.

d.

2.

Filter

Tunnel Diode Amplifier

First Mixer

VTR - VTT Circulator

Channel # l

a. Second Mixer

b. Second IF Amplifier

c. Third ID Converter

d. 4. 684 MHz Phase Detector

e. Phase Lock Loop Filter

SKIZ-20-63- 1

SK12-27-63-I

A40200B

A40300B

AI3000

AI5000

AI7000

AI4000

AI9000B

A40400

A40500

A40600

A18000

AI8100

AI8110

A18120

A18130

A18180

A18200

A18210

A18220

A18230

A18440

A18450
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,

f°

0

h.

i.

j.

Variable Controlled Oscillator

#i

Doppler Detector

Variable Controlled

Oscillator #2

2.34Z MHz Phase Detector

Range Tone Extraction

Channel #2

a. Second Mixer

b. Second IF Amplifier

c. Third IF Converter

d. 4. 684 MHz Phase Detector

e. Phase Lock Loop Filter

f. Variable Controlled

Oscillator # l

g. Doppler Detector

h. Variable Controlled

Oscillator #Z

i. Z. 342 MHz Phase Detector

j. Range Tone Extraction

Channel #3

a. Second Mixer

b. Second IF Amplifier

c. Third IF Converter

d. 4. 684 MHz Phase Detector

A18460

A18500

A18480

A18470

A18490

A18400

A18410

A18420

A18430

A18440

A18450

A18460

A18500

A18480

A18470

A18490

A18600

A18610

A18620

A18630

A18440

3-100



Bo

e. Phase Lock Loop Filter

f. Variable Controlled

Oscillator #I

g. Doppler Detector

h. Variable Controlled Oscillator

i. 2. 342 MHz Phase Detector

j. Range Tone Extraction

5. Power Divider

VTT - VCT Drawer

I. -Assembly VTT & VCT

2. Assembly Complete (Shop)

3. Wiring Diagram

4. VCT Block Diagram

a. Modulator

b. Drive Amplifier

c. Power .Amplifier

d. Varactor Multiplier

e. Oscillator

f. Schematic

5. VTT

a. Block Diagram VTT

b. Schematic VTT

SK10979-1

SK10979-0

A18450

A18460

.A18500

A18480

.A18470

A18490

Microlab D2- 2Y'T

.A90000B

A90100-1B

A90100-2B

A90200B

AI2000B

.AI2000-AI

AI2000-A2

AI2000-A3

AI2000-A4

.AI2200B

AI2300B

.AI0000

.A10001 (STL)

.A1000Z (STL)
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i)

z)

3)

4)

Module A l

a) Buffer Amplifier

b) Varactor Doubler

c) Phase Modulator

Module A2

Driver

Module A3

a) Intermediate Power

Amplifier

b) Final Amplifier

Module A4

a) Adder Amplifier #1

b) Adder Amplifier #2

c) Adder Amplifier #3

c) Adder Amplifier #4

5) Module A5

143 MHz Varactor

Quadrupler

6) Module A6

57Z MHz Varactor

Quadrupler

7 ) Module A7

Bandpass Filter

8) Module A8

Connectors

AI0002-AI

AI000Z-AI

AI0002-AI

AI0002-AI

AI0002-A2

AI0002-A2

AI0002-A3

AI0002-A3

AI0002-A3

AI000Z-A4

AI0002-A4

AI0002-A4

AI0002-A4

AI0002-A4

AI0002-A5

AI0002-A5

AI0002-A6

AI0002-A6

AI0002-A7

AI0002-A7

AI000Z-A8

AI0002-A8
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c. Main Layout VTT

d. Outline & Mounting Drawing

C. Power Distribution Unit

1. Schematic

2. Assembly (Front Panel)

3. Assembly (Shop)

4. Engraving & Ink Stamp

D. Vehicle Master Oscillator and
Frequency Synthesizer (VMO/FS)

°

2,

.

°

5.

Master Oscillator Frequency

Synthesizer Drawing List

Block Diagram - Master

Oscillator Frequency Synthesizer

Master Oscillator and Frequency

Synthesizer Final Assembly

Module, Frequency Synthesizer

Cover, Module - Frequency

Synthesizer

6. Panel Detail - VMO/FS (Engraving)

7. Bracket, Power Supply Mounting

8. Bracket, Master Oscillator

Mounting

SKII073-4

SKII073-I

SKI 1073-2

SKI I073-3

9. Clamp,

I0. Clamp,

I I. Strip,

12. Strip,

Power Supply Bracing

Oven Bracing

Compartment Divider - l

Power Supply Clamping

AI0003

AI0004

A40100B

A40101B

A40100B

A40102B

A40103B

AllO00

All001

All002

All010

All011

All012

All015

All016

All017

All018

All019

All020
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13. Module, Lower Section

14. Top Cover - Module - Frequency

Synthesizer X 32 Multiplier

15. Bottom Cover Module - Frequency

Synthesizer X 32 Multiplier

16. Housing, Capacitor Mounting

17. Module Assembly - A20

Variable Attenuator

18. Module Assembly - A6

19. Module Assembly - A7

20. Module Assembly - A8

21. Module Assembly - A9

Z2. Module Assembly - AI0

23. Module Assembly - A3

Z4. Module Assembly - A5

25. Module Assembly - A4

26. Module Assembly

27. Module Assembly

Z8. Module Assembly - A1

29. Module Assembly - AI3

30. Module Assembly - Al2

31. Module Assembly - A2

32. Module Assembly - Al9 Frequency

Determination No. I-A

33. Module Assembly - Al8

All025

AIIOZ8

AII029

All031

AIII00

All300

All301

AI1302

AI1303

AI1304

AI1305

Al1306

AI1307

All400

All401

All500

All501

AI1502

AI1503

AII600

AI1601
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34. Module Assembly - AI7 Frequency
Determination No. 2-A

35. Module Assembly - AI6

36. Module Assembly - AI5 Frequency
Determination No. 3-A

37. Module Assembly - AI4

38. X 32 Multiplier Assembly

39. Master Oscillator

40. n/4 Divider 73. 1875 kHz - 18. 297 kHz

41. Filter 18.297 kHz

42. Filters 73. 1875 kHz and 18.297 kHz

43. n/8 Divider 585. 5 kHz and 73. 1875 kHz

44. Filter 18.297 kHz

45. Frequency Divider (n/4) 2. 342 MHz
and 585. 5 kHz

46. Filter 585. 5 kHz and 73. 1875 kHz

47. Power Divider 73. 187 kHz

48. Power Divider 73. 187 kHz

49. Filter, 73. 187 kHz

50. Mixer

51. Mixer

52. Mixer

53. 2. 34089 Mc Mixer

54. 2. 414079 Mc Mixer

All700

All701

All800

All801

All900

All201

All300-1

AI1300-2

AI1300-3

AI1300-4

AI1300-5

AI1301-2

AI1301-3

AI1301-4

All301-5

All302-1

Al1302-2

AI1302-3

AI1302-4

AI1302-5

AI1303-I

AI1303-2

3-I05



55. 2. 414008 Mc Mixer

56. 2. 34082 Mc Mixer

57. 2.34Z Mc Power Divider

58. Shield, Transformer

59. Phase Shifter (-ii 2. 2699 Mc (-3)
2. 34089 Mc

60. Phase Shifter (-2) 2. 34082 Mc (-4}
2. 34Z00 Mc

61.

62.

63.

66.

67.

68.

69.

70.

71.

7Z.

73.

74.

Amplifier and Power Divider 2. 34 Mc

Mixer, 3. 684 Mc, 0.702 Mc, 5. 386 Mc

Frequency Divider 2. 342 Mc -
468.4 kc

X 3 Multiplier, 1.4 Mc OUT

Frequency Divider, 1.405 Mc -
702.6 kc

58. 5 Mc Power Divider

X 25 Multiplier, 58. 5 Mc

Mixer, 20. 8438 MHz

Mixer, 19.438 MHz

2.34 Mc Power Divider

RF Shield

RF Shield

X 2 Multiplier 70.26 Mc

X 3 Multiplier 14 Mc

AI1303°3

AI1303-4

AI1303-5

AI1304-I00

All304-1
AI1304-3

AI1304-2
AI1304-4

AI1305-1

AI1305-2

AI1305-3

AI1305-4

AI1305-5

AI1306-I

AI1306-2

AI1306-3

AI1306-4

AI1306-5

AI1306-400

AI1305-400

All307-1

AI1307-3
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75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Mixer

Power Divider

RF Shield

RF Shield

Divide r

Divide r

Divider

Divide r

Divide r

Divider

Low Frequency Mixer

Divide/2 and Filter Amplifier
2.216 kc in - I. 108 kc out

Divide/Z and Filter Amplifier
2.35 kc in - I. 179 kc out

Low Frequency Mixer

Filter Amplifier 2. 216 kc and 2.318 kc

90. 2. 342 MHz Power Divider

91. 2. 342 MHz Power Divider

92. Mixer 34.2 kHz

93. X 5 Multiplier 1.0 MHz

94. Driver Amplifier X 2 1.0 MHz to

2.0 MHz

95. Mixer kHz

AI1307-4

AI1307-5

A11307-200

AI1307-300

A11400-i

AI1400-2

AI1400-3

A11400-4

All400-5

A11400-6

All401-1

AI1401-2

AI1401-3

AI1401-4

AI1401-5

All401-6

All500-1

AI1500-2

AI1500-3

All500-4

AI1500-5

All501-1
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96.

97.

98.

99.

i00.

101.

I02.

I03.

104.

105.

106.

107.

108.

109

II0

Iii

IIZ

113

114

115

ll6

I17

I18

x 3 Multiplier 300 kHz

X 2 Multiplier

Sweet Circuit

× 2 Multiplier 40 kHz

X 2 Multiplier 20 kHz

X 5 Multiplier i0 kHz

Mixer 2.0 kHz

20 kc Phase Detector and
DC Amplifier

Divide by (5) 20 kc Divider

Filter Amplifier

Amplifier

Amplifier

VCO and Amplifier

Mixer, 1.0795 MHz

X 4 Multiplier

Mixer, .494 MHz

Mixer, I0.44 MHz

× 3 Multiplier, 54. 9 kHz

X 6 Multiplier, 440 kHz

Mixer, 54. 89 kHz

54 kc Phase Detector

68. 99715 Mc - VCO

Mixer, . 29275 MHz

3-108

AI1501-2

All501-3

AI1501-4

AI1502-I

AI1502-2

AI1502-3

AI1502-4

AI1502-5

AI1503-I

AI1503-2

Al1503-3

AI1503-4

AI1503-5

All600-1

A11600-2

A11600-3

AI1600-4

All601-1

All601-2

A11601 -3

All601-4

All601-5

All700-1



119.

IZ0.

IZl.

I22.

I23.

I24.

IZ5.

IZ6.

127.

IZ8.

129.

130.

131.

132.

133.

134.

135.

X 5 Multiplier,

Mixe r,

Mixer,

1 1.7 MHz

• 8785 MHz

12. 588 MHz

X 3 Multiplier, 220 kHz

Mixer, 73. 1875 kHz

73 kc Phase Detector

71. 138250 Mc - VCO

X 2 Multiplier, 4. 686 MHz

Mixer, 2.854 MHz

Mixer, 7.53 MHz

Mixer, . 5123 MHz

2. 342 MHz Power Amplifier

Module Compartment

X 6 Multiplier, 440 MHz

73 kc Phase Detector

66. 088312 Mc VCO

(X 2), Power Amplifier (X 4),

66 MHz - 5Z8.8 MHz

Ferrite Isolator

Vehicle Monitor Unit (Layout)

I. Assembly Complete (Shop)

2. Schematic

3. Engraving & Ink Stamping

SK12-20-63-I

SKI1616-2

SKI1616-4

SKI1616-3

AI1700-2

AI1700-3

AI1700-4

All701-1

AI1701-2

AI1701-3

AI1701-4

All800-1

AI1800-2

AI1800-3

AI1800-4

A11800- 5

All801-1

AII801-Z

AI1801-3

AI1801-4

AIIg00-1

A11902-A

A40200B

A40201B

A4020ZB

A40203B
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4. Assembly (Front Panel}

a. TB Assembly (Telemetry
and meteringl

b. TB Assembly Drill Plan

c. TB Assembly (Flight
Trigger)

d. TB Assembly Drill Plan

5. Brackets

6. Schematic, Lamp Trigger

F. Digital Distribution Unit (Layout)

I. Assembly (Part)

2. Assembly (Shop)

3. Details (Shop)

4. Engraving & Ink Stamp

G. Velocity Extraction Unit (Logic
Diagram)

i. NAND A

Z. Flip-Flop

3. Emitter Follower

4. 6-Input NAND

5. Integrator-Schmitt Trigger

6. Sign Detector (VEU)

7. VEU NAND Card

H. Vehicle Timing Unit (Logic Diagram)

SKl1616

SKI1583-I

SKI1583-2

SKI1582-I

SKlI582-Z

SKI1618

SK12-27-63-I

SKI 1617-4

SKI1617-2

SKI 1617-2A

SKI1617-3

A40204B

A40205B

A40206B

A40207B

A40208B

A40209B

A40210B

A40300B

A40301B

A40302B

A40303B

A40304B

AI3100R

AI7001R

AI7003R

AI7004R

AI7501R

AI3101R

AI3102R

AI3103R

AI5200-1R

AI5200-2R
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_°

1. NAND A

Z. Flip- Flop

3. VTU Time Control

Vehicle Command Logic

I. Clock Pulse Generator (Logic

Diagram)

a. NAND A

b. NAND B

c. Flip-Flop

Z. Memory Logic Diagram

°

NAND B

Channel Select & Release Control

(Logic Diagram)

a. NAND A

b. NAND B

c. Flip- Flop

4. Channel Command Register

a. NAND A

b. NAND B

c. Flip-Flop

d. Emitter Follower

AI7001R

AI7003R

AI5202R

AI7000

AI7100R

AI7001R

AI7002R

AI7003R

AI7200-1R

AI7200-2R

AI700ZR

A17300- IR

AI7300-ZR

AI7001R

AIT002R

AI7003R

A17400- IR

AI7400-2R

A17400-3R

AI7400-4R

AI7001R

AI7002R

A17003R

A17004R
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°

°

Command Word Output Control

a. NAND A

b. NAND B

c. Flip-Flop

d. Emitter Follower

e. 6-Input NAND

Lockon, Acknowledge, and Read

Control (Logic Diagram)

a. NAND A

b. NAND B

c. Flip-Flop

d. Emitter Follower

7. Transponder Search Control (Logic

Diagram)

a. NAND A

b. NAND B

8. Maximum Range Buffer Registers

(Logic Diagram)

a. NAND A

b. NAND B

c. Flip-Flop

AI7500R

AI7001R

AI7002R

AI7003R

AI7004R

AI7501R

AI7600-1R

AI7600-ZR

AI7600-3R

AIT001R

AI7002R

AI7003R

AI7004R

AI7700R

AI7001R

AI7002R

AI7800-1R

AI7800-2R

AI7800-3R

AI7800-4R

AI7800-5R

AI7001R

AI7002R

AI7004R
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Jo

9. Maximum Range Detector

a. NAND A

b. NAND B

c. Flip-Flop

d. Emitter Follower

Vehicle Range Extraction Unit

I. Panel & Chassis Assembly

2. Retainer PC Board

3. Block Diagram Logic Circuit

4. Schematic Diagram (Boards #1 & #2)

Range Data Extraction

a. Mother Board Assemblies #I & #2

b. AND-NOR Logic Block

c. AND-NOR Logic Block

d. Up-Down Scaler

e. Buffer Scaler

f. AND-NOR Logic Block

g. Discriminator

h. AND-NOR Logic Block

i. U/D Control

j. U/D Scaler

k. U/D Scaler

i. U/D Scaler
)

AI7900-1R

AI7900-2R

AIT001R

AI7002R

AI7003R

AI7004R

AI4000R

AI4001

AI4100R

AI4101R

AI4102R

AI4103-GI

AI4103-G4

AI4104-G4

Al4105-Gl

AI4103-G3

Al4106-Gl

Al4103-G2

Al4105-G2

AI4104-G5

AI4104-G6

AI4104-G7
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m. Discriminator

5. Schematic Diagram Board #3

6. Mother Board #3 Assembly

a. AND-NOR Logic Block

b. AND-NOR Logic Block

c. Up-Down Scaler

d. Buffer Scaler

e. Buffer Scaler

f. Mixer/LP Filter Amplifier

g. Reset Drivers

h. Reliability Logic

i. Mixer/LP Filter Amplifier

j. Tel Trans & Command Logic

k. Squaring Amplifier

1. Monitor Amplifier

m. Monitor Amplifier

n. Monitor Amplifier

o. Monitor Amplifier

7. Schematic Diagram

8. Mother Board Assembly #4

a. Reference Tone Filter

b. Clock Scaler

c. Single Sideband Filter Amplifier

AI4106-GZ

AI4107R

AI4108-GIR

AI4103-G2

AI4103-GI

AI4104-G6

AI4105-GI

AI4105-G3

Al4109-Gl

Al4110-Gl

AI4111-GI

AI4109-GZ

AI411Z-GI

Al4113-Gl

AI4114-G4

Al4114-G3

Al4114-GZ

Al4114-Gl

Al4115R

AI4116-GIR

Al4117-G1

Al4104-G3

Al4118-Gl
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d. Tel Trans Inhibit Buffer

e. Clock Scaler

f. Reference Tone Amplifier (TI)

g. Single Sideband Mixer 70.9 kHz

h. Reference Tone Amplifier (T2)

i. Single Sideband Mixer 2.34 MHz

j. Reference Tone Filter Amplifier

k. Clock Scaler

i. Reference Tone Filter Amplifier

m. Monitor Amplifier 4.68 MHz

n. Squaring Amplifier 4.68 MHz

o. Reference Tone Filter Amplifier

As sembly

p. Wire Table

Antennas - Vehicle

I. Tracking - Vertical

- Circular

CommandZ°

3. Voice Communication

4. Radar Beacon

5. Telemetry

6. Outline Command Antenna

(Saturn Configuration)

7. Outline Tracking Antenna

(Saturn Configuration)

8. Waveguide Antenna

(Saturn Development)

SKI1312

SKI1320
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SKI1681

AI4119-GI

AI410-G2

AI4120-GI

AI4121-GI

AI4122-G1

A14121-Gl

AI4117-G2

AI4104-GI

A14123-Gl

A14114-G5

A14124-Gl

AI4125-G1

A14126

AI9000B

Al9100B

Al9101

A19200B

AI9300B

AI9400B

AI9500B

A19600B

AI9700B

AI9800B



L0

1. 401 Unit

2. 301 Unit

3. 270 Unit

Telemetry System

3.3.3.5 Wiring Lists (Interconnecting Cables)

A. External Cabling

B. Internal Cabling

C. VCL

D. VTR

E. Vehicle Monitor Panel

F. Telemetry System

G. VMO

H. VTT - VCT

I. VCL

J. RDE

3. 3. 3.6 Vehicle Test Set -

A. HP 5245L Counter

B. RF Assembly

C. IF Module

D. Function Generator

E. Phase Delay Module

F. Frequency Synthesizer

SK03-16-64-I

SK03-16-64-2

A80000

A80100

A80200

A80300

A22Z00

A2ZI00B

A2ZZ01B

AZ2301

A22401

A22501

A2Z601

AZZ701

A22801

AZZ901

A2Z910

A40000

A40100

A40200-1R

A40300-1R

A40400-1R

A40500-1R

A40600

3-i16



3.3.3.7

G. Phase Trim Module

H. Power Supply

I. Interconnections, Coaxial

J. Vehicle Rack Wiring

K. Phase Locked Oscillator

L. Phase Locked Oscillator

M. Phase Modulator

Vehicle Test Set Detailed Drawing List -

A.

B.

Co

HP 5245L

RF Assembly,

l. Mixe r

2.

3.

4.

5.

Counter

Schematic (X2682534)

Band Pass Filter

RF Attenuator

Power Combiner

Counter Electronics

IF Module, Schematic (X2682519)

I. Channel #1

a. PLO Carrier

b. PLO #1 Tone

c. PLO #2 Tone

d. PLO #3 Tone

e. PLO #4 Tone

f. Mixer X 8 (X2682472)

A1, A2, A3, A4

A2, A3, A4

A2

A3

A5

A6

A7

AI

AIAI

AIA2

AIA3

AIA4

AIA5

AIA6

A40700

A40800

X2682462-R

X2682466R

X2682469R

X2682473R

X2682474R

A40000

A40100

A40200-1R

A40300-1R

3-i17



D,

Eo

g. Combine r A IA7

h. Gate Driver AIA8

i. Lightning Circuitry AIA9

Z. Channel #2 A2AI

3. Channel #3

4. Channel #4

Function Generator (X2682471)

l. Oven A2

2. Torque Unit A3

3. Servo Assembly A4

Phase Delay Module, Schematic

(X2682496)

1

2

3

4

5

6

7

Phase Delay Unit

Phase Delay Unit

Phase Delay Unit

Phase Delay Unit

Isolation Amplifier

Isolation Amplifier

Amplifier, Phase Delay

Modification

F. Frequency Synthesizer

G. Phase Trim Module

H. Power Supply

A1

A2

A3

A4

A5

A6

A7

A40400-1R

A40500-1R

A40600

A40700

A40800
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3.3.4.2

AROD Transponder System Block Diagram

Transponder Trailer (Transponder Site)- SK11041-I

Transponder Equipment (Equipment

Installation Trailer #1 and #2) -

A. Transponder Command Receiver

B. Transponder Command and

Direction Finding Receiver

C. Transponder Tracking Receiver

D. Transponder Monitor Unit

E. Transponder Command Logic

F. Transponder Tracking Transmitter

G. Antenna

3.3.4.3 Packaging and Miscellaneous Drawings -

3. 3.4.4 Transponder Test Set -

3.3.4.5 Transponder Equipment Detailed

Drawing List -

A.

SKI0984-I

SKI1683-I

SKI1836-I

A23000B

A24000B

A24100B

A40000B

A4000B

A2000

A24110B

A5000

AI000B

A3000

A24300

A30000

Command Receiver - Block Diagram A40001B

The following prints are for the command receiver in Site #1.

The prints marked "TCR" are for this receiver only.

it is interchangeable with the TC/DFR.

i. RF Amplifier Drawer Outline SKI1666-I

a. Band Pass Filter

b. RF Amplifier Schematic

c. Variable Phase Shifter

d. TB RF Amplifier SKI1668

Otherwise,

A4100-2B

A4110

A4150B

A4190

A4270B

,%
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e°

2. IF

a.

b.

C.

.

,

As sembly Complete

Amplifier Drawer Outlire

Mixer Amplifier Schematic

Band Pass Filter

Voltage Controlled

Attenuator Schematic

d. AGC Summing Amplifier

Schematic

e. IF Amplifier Schematic

f. Assembly Complete (Shop)

Phase Lock Loop Drawer

Outline

a. Command Demodulator

("0") Schematic

b. Command Demodulator

("I") Schematic

c. Frequency Multiplier

(× 9/2) Schematic

d. Buffer Amplifier Schematic

e. VCXO Schematic (28.104 MHz

f. Assembly Complete (Shop)

Power Supply Drawer Outline

a. Power Supply (7.5 vdc)

b. Power Supply (20 vdc)

c. Power Supply (-15 vdc)

SKl1673-I

SKI1674-I

SKI1679-I

A4100-1B

A4300-iB

A4310B

A4330

A4350B

A4430B

A4380B

A4300-2

A4500-ZB

A4510B

A4520B

A4530B

A4540B

A4550B

A4500- 1B

A4700-1B

A4720

A4730

A4740
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B°

d. Power Supply {15 vdc)

e. Assembly Complete (Shop)

Command and Direction Finding

Receiver Block Diagram

I. RF Amplifier Drawer

a. Band Pass Filters

_0

SKI1786

SKI1786-I

b°

C.

d.

e.

f.

g.

h.

i.

j.

k.

i.

m.

n.

IF Amplifier Drawer

a. Mixer Amplifier

Schematic

b. Mixer Amplifier

Schematic

Band Pass Filters

Band Pass Filters

Band Pass Filters

RF Amplifier Schematic

RF Amplifier Schematic

RF Amplifier Schematic

RF Amplifier Schematic

Power Dividers

Multicouple r

Multicouple r

Multicouple r

Multicoupler

Terminal Board RF Amplifier

SKl1673-I

A4750

A4700-2B

A4000B

A4100

A4110

A4120

A4130

A4140

A4150B

A4160B

A4170B

A4180B

Microlab D2-ZFT

A4230

A4240

A4250

A4260

A4270B

A4300

A4310B

A4320B
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,

Co

d.

e.

f°

Band Pass Filter (50 kHz)

Band Pass Filter (4 kHz)

Volt Controlled Attenuator

Schematic

Volt Controlled Attenuator

Schematic

g. IF Amplifier Schematic

h. IF Amplifier Schematic

i. IF Amplifier (Limiter)

Schematic

Isolation Amplifier Schematic

Isolation Amplifier Schematic

AGC Summing Amplifier

Schematic

Subtractor Schematic

n. Azimuth - Buffer Amplifier -

Schematic

o. Filter Schematic

p. Power Divider

Phase Lock Loop Drawer

a. Command Demodulator

("0") Schematic

b. Command Demodulator

("l") Schematic

c. Frequency Multiplier

(X 9/2) Schematic

d. Buffer Amplifier Schematic

j,

k.

i.

mo

SKl1674-1

A4320

A4330

A4350B

A4360B

A4380B

A4400B

A4410B

A4390B

A4420B

A4430B

A4440B

A4450B

A4460B

A4370

A4500

A4510B

A4520B

A4530B

A4540B

3-122



Co

*

eo

f.

g.

h.

28. 104 MHz VCXOSchematic

Limiter Amplifier Schematic

Filter Mixer Schematic

DC Amplifier Schematic

Power Supply Drawer

a. Digital Divider Schematic

b. Power Supply (7.5 vdc)

c. Power Supply (+20 vdc)

d. Power Supply (-15 vdc)

e. Power Supply (15 vdc)

Transponder Tracking Receiver

Block Diagram

I. Transponder Receiver Drawer

Block Diagram

a. IF Amplifiers

I) Receiver Mixer

2) First IF

3) Second IF

b. × 32 Multiplier

c. Sideband and Carrier IF

Amplifier s

l) Carrier IF

2) Sideband IF

d. Demodulator

SKI1679-I

A4550B

A4560B

A4570B

A4580B

A4700

A4710B

A4720

A4730

A4740

A4750

A02000

A0ZZ00 (SC1362034)

A02ZI0

A02211

A02212 (SC1362009)

A02212 (SC1362088)

A02270

A02222 (SC1362105)

A02221 (SC1362100)

A02230
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o

l)

z}

3)

Sideband Demodulator

Carrier Demodulator

AGC Democulator

e. Range Tone Circuits

1 ) Sideband Identification

Generator

2) 2. 342 MHz Range Tone Loop

3) Z. Z68 MHz Range Tone Loop

f. Receiver VCO

1 ) Receiver Distribution Amplifier

Z) Main Loop Filter

g. Receiver Synthesizer

i) X 58 Multiplier Loop

2) X 76 Multiplier Loop

3} Divide by Z4 Loop

Transponder Exciter Drawer Block Diagram

a. Transmitter Tracking Filter

i) Tracking Loop

Z) Doppler Reverser

3) Divide by 24 Loop

b. Tracking VCO and Reference

Oscillator

1) Tracking Loop Distribution Amp

2) VCO 1 2 fo

A02231 (SC1362075)

A02232 (SC1362085)

A02233 (SC1362108)

A02240

A02243 (SC1362116)

A02241 (SC1362007)

A02242 (SC1362016)

A02250

A02222 (SC1362022)

(SC1362083)

A02260

A02261 (SC1362141)

A02262 (SC1362162)

A02263 (SC1362009)

A06100 (SC136204Z)

A061 I0

A06111 (SC136Z039)

A06112 (SC1362064)

A06113 (SC1362009)

A06210

A06123

A06121

(SC1362028)

(SC1 3621 80)
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D,

3) Reference Oscillator

4) Reference Oscillator

Buffer Amplifier

c. Transmitter Synthesizer

l) X 57 Multiplier Loop

2) X 60 Multiplier Loop

d. Spectrum Generator #1

I) X 4.8 Multiplier Loop

Channel # l

2) X 6 Multiplier Loop Channel #2

e. Spectrum Generator #2

l) X 10.6 Multiplier Loop

Channel #3

2) X II. 8 Multiplier Loop

Channel #4

f. X 32 Multiplier

g. Transmitter Modulator

I) Transmitter Mixer

2) Linear Power Amplifier

3) Single Sideband Generator

h. Transmitter S-Band Mixer

i. Attenuator

3. Power Supply

Transponder Monitor Unit (Assembly -

Front Panel} SKI 1683-I

I. Assembly Complete (Shop) SKI1683-2

(SC1362048)

A06124

A06130

A06131

A06132

A06140

(SC1362072)

(SC1362139)

(SC1362091)

A06141

A06142

A061 50

(SC1362146)

(SC1362148)

A06151 (SC13621 51)

A06152

A06160

A06170

A06171

A06173

A06172

A06180

A061 90

Technipower

RM-5.25

A24110B

(SC1362153)

(SC1362097)

(SC1362113)

(SC13620 94)

A24111B
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m.

2. Engraving and Ink Stamp

3. Schematic (Transponder

#i and #2)

4. Brackets, Mounting

5. Assembly TBI - Amplifier

.

7.

8.

Board

Drill Plan

Assembly,

TBI

Metering Board

Drill Plan - Metering Board

Transponder Command Logic

Block Diagram

I ° Transponder Command Logic

Diagram

2. NAND A

3. NAND B

4. Flip- Flop

5.

.

°

.

16 kc Free Running Motor

Vibrator, M Unit, 10-input NAND

2 Schmitt Triggers and 1 7-input

NAND

Emitter Follower {Special Circuit,

Transponder #1)

Emitter Follower {Special Circuit,

Transponder #2)

9. Time Control

SKI1683-3

SKl1683-4

SKl1684-1

SKl1654-1

SKl1654-2

SKl1655-1

SKl1655-2

A24112B

A24120

A24130B

A24140B

A24141B

A24150B

AZ4151B

A5000

A5100

A5200

A5300

A5400

AI7001

A17002

A17003

A5001

A5002

A5003

A5003

A5004
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F. Transponder Tracking Transmitter
Assembly

I. Assembly Complete (Shop)

2. Details (Shop)

3. Assembly Power Supply
Front Panel (Site #2 Only)

4. Assembly Complete Power
Supply (Shop) (Site #2 Only)

5. Cable Assembly (Internal)

6. Schematic, Relay Control Box

7. Cable Assembly (External
Transponder #1 Only)

8. Cable Assembly (External
Transponder #2 Only)

9. Schematic, TTT

G. Antennas - Transponder

I. Antenna - Tracking Circular

Mounting

2. Antenna - Tracking Vertical

Mounting

3. Antenna - Command (Direction
Finding)

4. Antenna - Voice Communication

5. Antenna - MSFC Timing

SKI1836-I

SKI1836-2

SKI1836-3

SKI1864-I

SKI1864-2

SKI1837-1

AI000B

AI001B

AI002B

AI003B

AI004B

AI005B

AI060B

AI007-1B

AI007-ZB

AI006B

A3000

A3010B

A3011B

A3020B

A3011B

A3030B

Motorola

A3050
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3. 3.4.6 Detailed Packaging and Miscellaneous

Drawing List -

A. Equipment Installation (Shelf

Support and Rack Support)

B. Chassis Communication Unit

Mounting

C. Cha ssis,Oscillograph Mounting

D. Chassis, Oscillograph Mounting

E. Bracket Slide Mounting

F. Bracket, UHF Receiver Mounting

G. Entrance Panel, Trailer

H. Bracket Power Supply

I. Command Receiver Cable

Assembly PLL

J. Command Receiver Cable

Assembly IF Amplifier Drawer

K. Command Receiver Cable

Assembly Power Supply Drawer

L. Command Receiver Cable

Assembly RF Amplifier Drawer

M. Support Power Supply

N. Bracket Mini-Box

O. Mounting Parts VTT, VCT,

and TTT

P. Cabling,Transponder (DF)

3. 3.4.7 Detailed Transponder Test Set

Drawing List -

SKII068-2

SKI1677-I

SKI1319-I

SKI1319-2

SKI1667-I

SKI1636-I

SKI1072-1

SKI1696

SKl1787

SKll710

SKl1788

SKI1786

SKI7 9

SK021364

SK04-29-64-2

A24301B

AZ4302B

AZ4303-1B

A24303-2B

A24304B

A24305B

A24306B

A24307B

A24308B

A24309B

A24310B

AZ4311B

AZ431ZB

A24313B

A22314

A24200B
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Ce

D°

HP 5245L Counter

RF Assembly Module Schematic

Diagram (X2682533)

I. HP 431B Power Meter

2. X 5 Multiplier

3. Mixer

4. Mixer

5. Attenuator

6. Filter

7. Filter

8. Counter Electronics

9. Counter Electronics

I0. Attenuator 20 db

IF Module (X2682467)

1 Phase Modulator

2 Phase Modulator

3 Phase Modulator

4 Phase Modulator

5 PLO Carrier

6 X 8 Mixer

7 Combine r

Command Module, Schematic

Diagram (X2681792)

i. X 3 and Filter

Al

A2

A3

A4

A5

A7

A8

A9

AI0

All

AI

A2

A3

A4

A5

A6

A7

Al

A30100

A30200R

A30300R

A30400R
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Eo

F,

G.

H.

I.

2. Mixer - Amplifier A2

3. PLO Tone A3

4. PLO Tone A4

5. Oscillator A5

6. Oscillator A6

7. 20 db Pad A7

8. 20 db Pad A8

9. Gate Driver A9

i0. 46 Mc Amplifier Al0

1 I. Gate Driver Al 1

IZ. Command Module Assembly

(X2681792)

Function Generator (X2682493)

l. VCXO Al

2. VCXO A2

3. Torque Unit A3

4. Servo Assembly A4

Frequency Synthesizer

Power Supply

Transponder Rack Wiring (X2682468)

Interconnections, Coaxial (X2655664)

R

A30500R

A30600

A30700

R

R
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SECTION 4.0 - ANALYSIS

4.1

This section presents the specific analyses that were performed

to support the definition of the operational parameters and char-

acteristics of the overallAROD System and its subsystems. It

is not intended to be a complete system analysis within itself.

System

The command, direction finding, tracking, and velocity determina-

tion functions of the AROD System were analyzed with respect to

operation with satellites in general and missions of Saturn in

particular.

Command Link

Frequency Selection - The frequency of the command link was
chosen to lie within the VHF (138 MHz) band rather than the UHF

(450 MHz) band. The selection of the VHF frequency provides an

inherent improvement in the signal-to-noise ratio by allowing

(1) a larger effective antenna area, and {2) a reduced receiver

bandwidth.

I. The effective area of the receiving antenna is defined by

Area
Gk z G c _

- 4w - 4wf2
(4.1- l)

where G = gain of receiving antenna,

c = velocity of light = 3 x 10 s m/sec and

f = received frequency.

Since the received signal is directly proportional to the

effective area, the signal-to-noise ratio increases as I/f _-

by using the VHF frequency. (A 10. 26 db increase for the

AROD command link. I

The bandwidth of the receiver must necessarily be dependent

upon the doppler frequency shift on the received signal. The

doppler shift is defined as

fd = m v_ ft (4.1-2)
c

where v = radial velocity of vehicle with respect to the

ground receiver,

c = velocity of light and

ft = command frequency .

4-I



4.1.1.2

The bandwidth of the receiver can be reduced by fUHF/fVHF

(3. 26 for the AROD command link and a signal-to-noise

increase of 5.13 db).

Transponder Turn-on - The earliest possible turn-on time of the

transponder depends upon the degree of over-the-horizon trans-

mission that may be reliably expected at the operating frequency.

This, in turn, is dependent upon the electromagnetic bending that

occurs as a result of transmission through the ionosphere and

lower atmosphere. The following analysis i _:.-arrives at an

estimate of the magnitude of such bending for vehicles at altitudes

of 3.048 (i0,000 ft), 6.096 (20,000 ft), I00, 150, and 200 kilometers.

It is performed at an operating frequency, 136 MHz, which was

chosen prior to the final selection of the command frequency, 138

MHz. These two frequencies are closely enough related, however,

for the results to be applicable.

The electromagnetic radiation propagated from a satellite to a

ground station experiences bending in the ionosphere and in the

lower atmosphere. The refractive index of the lower atmosphere

varies with the partial pressures of dry air and water vapor, and

with the temperature; thus, the degree of bending is greatest in

the lowest levels of the troposphere. At radio frequencies below

I0,000 MHz, refraction in the lower atmosphere is substantially

independent of frequency.

An electromagnetic signal passing through a plane stratified,

ionized medimxl is bent away from the normal on ingress and toward

the nomxlal on egress. The incident and emerging signal paths are

parallel and displaced. The planar approximation of the ionosphere

must be abandoned when the elevation angle of the source is less

than a few degrees. A spherical ionosphere produces a prism-

effect resulting in a net bending of the signal path. The degree of

bending decreases with the square of the transmitted frequency.

Figure 4-I shows how ionospheric refraction, which occurs mainly

in the F-region, can produce bending around the horizon. The

effect is exaggerated in the diagram.

Mr. V. A. Counter z has studied the variation in tropospheric and

ionospheric bending as functions of elevation angle and the satellite

altitude. Figure 4-2 shows the geometry involved.

In Figure 4-2, G is the ground station, S is the satellite, the curved

line from S to G is the transmission path, E o is the observed ele-

vation angle (i.e., the angle between the horizon and the tangent to

the transmission path at G), E t is the true elevation angle, h is the

altitude of the satellite, and 6 is the angle between the straight line

from G to S and the tangent to the transmission path at S.

':'References in Appendix
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Figure 4-I. Ionospheric Refraction Resulting in
Bending Around the Horizon

To answer the question, "How far over the horizon can the satellite

be detected?", we need to know the angle Eo - Et. Figure 4-3

illustrates the geometry for reception on the horizon (i.e., E o = 0°).

In Figure 4-3, the angle of interest is E t. Since the radius of

curvature of the transmission path decreases as the altitude

decreases, it is obvious that E t _/ 6 . (In Figure 4-2, Eo - E t # 6.)

If, however, we assume that the transmission path has a constant

radius of curvature equal to the curvature at G, then Et = 6 in

Figure 4-3, Eo - Et = 6 in Figure 4-2, and the transmission path

is now the arc of a circle. Estimations of 6 will be over-estimations

of the net bending because, in actuality, the radius of curvature

increases with altitude. This is Counter's procedure. He has

plotted the tropospheric and the ionospheric contributions to the

angle 6 for various satellite altitudes and true elevation angles

down to 1 ° Since our interest is in over-the-horizon transmission,

we shall concentrate on Counter's values for 1° elevation. There

will be slightly more bending of the signal from a vehicle below the

horizon (the tangent plane to the earth through the observer's feet)

because of the greater path length through the ionosphere and lower

atmosphere; however, Counter's values will provide a close

approxin_ation of the over-the-horizon transmission.
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Horiznn G

f

/
/

Earth's

/ Surface

Figure 4-2. Transmission Path Geometry

Horizon G

Figure 4-3. Geometry of Reception on the Horizon
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Figure 4-4 shows the variation in tropospheric bending at a true

elevation angle of l° as a function of satellite altitude. The curve

has been extrapolated to altitudes below i0 kilometers.

Under normal conditions, ionospheric bending contributes to 5 only

at the highest altitude considered in this study (i.e., 200 kilometers).

This is the height of the FI region. Counter's investigation of iono-

spheric bending was based on an analysis of ionospheric data for

Washington, D. C. Although ionospheric conditions vary with time of

day, season, phase of the sunspot cycle, etc. , Counter's values will

be sufficient since the scope of this report is to obtain merely an

estimate of the expected angular deviation of over-the-horizon trans-

mission. He has plotted the ionospheric bending of I00 MHz trans-

mission versus elevation angle for selected satellite altitudes. The

magnitude of the ionospheric bending contribution to 5 for l° true

elevation angle and a satellite altitude of 200 km was scaled to 136

MHz by multiplying by the factor (I00/136) z.

Table 4-I contains the results of this study. The altitudes were

specified to the author. (3. 048 km= 10,000 feet; 6. 096 km = 20, 000

feet. )

Table 4- l

Estimated Angular Deviation of Over-the-Horizon

Transmission at 136 MHz

Satellite

Altitude

(kilometers)

Lower Atmospheric

Bending

(milliradians)

Ionospheric

Bending

(milliradians)

Total Bending

5

(milliradians)(degrees)

3. 048

6. 096

I00.

150.

200.

2.96

2.82

I. 00

0.78

O.66

.... 2.96 0. 17

.... 2.82 0.16

.... I. 00 0.06

.... 0.78 0.05

2.48 3.14 0. 18
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4.1.1.3

Under certain conditions (e.g., daylight side ground stations and a

high number density of electrons in the ionosphere} produced by

enhanced solar ionizing radiations, there will be significant contri-

'butions to 5 from ionospheric bending in the D-region (altitude

60 kn_} and in the sporadic E-region (altitude _ 100 kin). These

circumstances are temporaland, to a large extent, unpredictable.

Under normal conditions, the F-region plays the major role in

ionospheric refraction.

The small magnitude of the angular deviation of the 136 MHz and, in

use, the 138 MHz signal due to refraction implies that very little time

can be gained by relying upon over-the-horizon transmission for turn-

on of the AROD tracking eqtlipment.

Modulation Selection - The, modulation for the command link was chosen

to meet the following operational conditions.

. The transmitter must be turned off when no information is

being transmitted.

. A signal coherent with the tracking link must be available

for measurement of the doppler frequency on the command

link.

138 1. 38
fd c = fd t × - 80 kHz ×

2276 2Z. 76

fdc = 4.85 kHz

. The binary information must modulate the carrier in such a

way that a "one" produces a signal having one frequency

spectrum and a "zero" produces a signal having a different

frequency spectrum.

4. The carrier frequency will be approximately 138 MHz.

° The operational range of the command link will be approx-

imately 4000 NM.

. A signal-to-noise ratio of four db (4 db) will be required by the

transponder command logic.
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4.1.1.4

The choice of PCM/FM modulation for the command link was
based upon the results of several studies 3 performed by com-
petent people in the telemetry field. The particular type chosen,
"switched PCM/FM", was based upon simplicity of transmitter

design and capability to meet the operational conditions.

Operational Technique Selection 4 - Operational techniques were

analyzed by comparing five suggested command systems in terms

of their requirements and characteristics with principal emphasis

placed upon bit error probability.

The bit error probability, Pe' is computed in terms of signal-to-

noise ratios based upon the assumption of white, gaussian noise.

For most applications, Pe = 10 -4 or 10 -s represents acceptable

performance and is, consequently, used as the evaluation criterion.

A wide range of error probablity curves, however, are presented

for reference purposes in Figure 4-1l.

The computations, based upon the assumption of random noise, are

necessarily restricted in relevance. They do not take into account

the possibility of false commands by interferring signals and the

effects of other common types of noise (e.g., impulsive disturb-

ances). Such computations are, however, indicative of the

reliability of signal transmission when receiver and sky noises

are the dominant disturbances, a condition which prevails during

the major portion of the mission. An accepted design procedure is

to allocate signal power, bandwidth requirements, etc. so that

signal reliability in the presence of random noise is insured with

an extra signal-to-noise ratio margin. These requirements are

then modified to combat other disturbances if necessary.

Coding, of which message repetition is a simple form, will result

in a message reliability that is better than signal reliability. For

example, if the code consists of a single bit message (on-off type

command) repeated three times, and if the decoder recognizes

that message whenever it receives the corresponding bit at least

twice, the probability of message error is 3Pe z - 2Pe 2 (which

is much smaller than Pe ). Furthermore, the procedures of

repetition, parity checks and acknowledge feedback will drastically

reduce the probability of false command by extraneous signals.

Description of Suggested Systems - The five suggested systems

fall into one of two basic categories dependent upon the form of

binary signals they employ. The categories are:
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l ° Type A Systems: useessentially a frequency shift key (FSK)

signal; the duration, T I, of the signal

corresponding to one bit being approxi-

mately l m/sec (see Figure 4-5).

Type B Systems: use three frequencies as the transmitted

signal (TI = 0.25 m/sec, for binary pulses,

0.75 m/sec, for carrier pulses).

The following data are considered common to all systems:

1. Command carrier frequency 136 MHz

2. Total transmitted power 6 watts

3. Data rate I000 channel bits

per sec.

4. Maximum doppler shift ± 4.85 kHz

5. Maximum doppler rate ± 340 Hz/sec.

6. Long term accuracy of transponder 1 part in 108 due to

frequency standard temp. I part in 109

per day due to aging

i

System -41 . The transmitted signal consists of one binary signal,

either Sl(t} or S z(t}, during any given interval of duration T = l

m sec. (See Figure 4-5) St(t) and S2(t) are made orthogonal by

suitable choice of frequency separation A f and shaping filter at the

transmitter.

The receiver (Figure 4-6) has three main features:

i . At any one interval of duration T, either Sl(t) or S 2(t) is

present. If S 2(t) is present, we shift its frequency by Af

so that it becomes centered around Q. It is now summed

with the fl path, so that a signal at fl is always fed to the

discriminator through bandpass filter #3, resulting in a

continuous doppler measurement.

The doppler measurement is employed to remove the doppler

shifts from the incoming signals prior to binary detection.

This permits the use of narrow bandwidths in filters #1 and #2.
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T

Orthogonol Signals" _0 Sl(t)S2(t)dt=O

S I (t)= A sin(27rflt+_l)

S2(t)= A sin(27rf2t+_2)

Af = f2 - fl

(4. 1-3)

(4. 1-4)

(4. 1-5)

Figure 4-5. FSK Signal, For Type A Systems
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. The receiver employs noncoherent matched-filter detection,

which is known to be the optimum binary detection technique

when the phase of the incoming carrier is not known a priori.

This technique involves passing the signal through bandpass

filters #I and #2, whose impulse responses are "matched"

to the signals St(t) and Sz(t), followed by two envelope

detectors whose outputs are sampled in synchronism with the

bit rate. The binary decision is made on the basis of the

relative magnitudes of the two samples.

One source of error in the doppler measurement is that the doppler

shift on fz is different from that on fl. The maximum doppler

difference is given by

fdiff = max. doppler136MHz°n 136 MHz X (fz - fl) (4. I-6)

If A f = fz - fl = 10 kHz ,

the n
4. 85 kHz

fdiff - 136 X 103 kHz X i0 kHz and

= 0. 356 kHz

Thus, this error is seen to be negligible compared with the desired

measurement accuracy.

Another source of error in the doppler measurement is the insta-

bility of the local oscillator of frequency, Af. However, it is easily

seen that this error is completely negligible if the local oscillator

is slaved to the transponder master oscillator.

Finally, a ripple can be expected to appear in the discriminator out-

put, caused by the data shifting between fl and fz at the rate of

1000 bits/sec. It is shown in Section 5. 3. 14 that the lowpass filter

following the discriminator can be chosen to have a cutoff frequency

of about 100 Hz, so that the ripple will be filtered out of the doppler

measurement.

System A t. System A z is identical to AI in every respect except

in the method of doppler measurement (See Figure 4-7. ). Here
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only signals Sl(t) at frequency fl are fed to the discriminator so
that essentially half as much signal power as in System A I is avail-
able for the doppler measurement, but the receiver complexity is
reduced.

The memory of the lowpass filter is relied upon to maintain a fairly
constant doppler reading during the intervals in which SI (t) is absent.
If we choose the time constant of the lowpass filter to be five times
the signaling interval of 1 m sec., then the cut-off frequency of the
filter cannot exceed about 30 Hz. (It has been shown in Section 5. 3. 14
that this represents a severe limitation on the performance of
System Az . )

System A 3 System A 3 differs from AI and A z only in that, in

addition to the FSK signal, a low power pilot tone is transmitted

outside the FSK band (See Figure 4-8. ). The pilot tone is filtered

out at the receiver and fed to the doppler discriminator. This

method of doppler measurement eliminates all transients in the

measurement output which may arise in A1 and A 2 due to the

intermittent nature of the FSK signal, and requires only a small

amount of extra power to be transmitted as pilot tone.

System BI. System BI uses three signals, two for the FSK and

the third for doppler frequency measurements. The receiver would

employ doppler correction and noncoherent matched-filter detection

as in the type A systems (See Figure 4-9.). Some of the transients

in doppler measurements encountered in AI and A 2 may appear

here also, because of the intermittent nature of the carrier pulse.

System B_. System B z is identical to System Bl, except that no

doppler correction is employed (See Figure 4-10. I. Thus, band-

pass filters #l and #2 must have a wider bandwidth here to accom-

modate the doppler shift, which renders this system more susceptible

to noise.

The performance of the different systems analyzed has been shown

in Figure 4-ii. The basic parameters and performance of the

various systems are tabulated in Table 4-2. It can be seen that

type A systems occupy much less bandwidth than type B systems,

and that doppler correction allows significant improvement of noise

performance.
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4.1.2

4.1.2.1

Direction Findin_ Link - The use of directional antennas for the

tracking link at the transponder sites is considered for

the enhancement of the maximum range and accuracy obtainable

by the AROD System. The preliminary investigations z have

shown that the command link, using omnidirectional antennas,

could be used to determine the position of the space vehicle and

to point the tracking antenna(s).

Technique s, 6, 7, 8 _ The direction finding (DF) tech-

nique for the brassboard study phase has been chosen as a result

of investigations performed by the NASA Technical Representa-

tive, Auburn Research Foundation 9, and Brown Engineering

Company, Inc.

The antenna system for the DF technique was chosen to consist

of four base-fed radiators one-quarter wavelength long. The

four radiators; A I , A,, A3, A4, are located on the axis of a

Cartesian X-Y coordinate system and are equally displaced a

distance of one-quarter wavelength from the origin. The general

geometry is shown in Figure 4 -12 and the phase comparator

geometry in Figure 4-13.

r

x

Figure 4-12. GeneralDF Antenna Geometry
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Assuming no mutual interference between the antennas, the voltages

received at the four antennas are

j [o)(t r) +
_ -- Eo_ - c _ cos ¢ sin 0] : Eo_J_(t - £)c

.W

_-_ cos ¢ sin O,
e

{4. 1-7)

W W

Ez : Eo ej[c°(t -r) + 2sin _ sin 0] : EoeJc°(t - r)c eJ'_sin_ sin 0,

(4. 1-8)

j[co(t - r) iv
E3 = Eoe c " _c°s _ sin 0] j_(t - r)= Eo e c

"J_c°s _ sin 0

(4. I-9)
and

j[co(t - r) 7r
_'4 = Eoe c - _ sin qb sin O] jto(t - r)= Eo e c

.W

-3_sin _ sin 0
e

where
(4. l-lO)

d_ = azimuth angle,

0 * elevation angle and

r = range from the origin of the antenna configuration to the

vehicle transmitting antenna.

The direction cosines are

and

COS (I

cos

x

r

y

r

- cos (_ sin @

- sin _ sin O.

(4. I- 1 l)

(4. 1-12)
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ja)(t - r)

The phase term e can be omitted, if we make the origin of the

antennas configuration the phase reference point, and the equation of the
received voltages reduces to

.W

__ J_ cos _ sin e j_ cos a,
E 1 = E e = E e (4. 1-13)

.'ff

E_ = E eJ_ sin _b sin O J2 cos _, (4. 1-14)
--z = Ee

and

.W

__ -J_ cos d_sin 0 .7r
-j_cos a (4. 1-15)

E3 = Ee = Ee

.w

__ -J_ sin _b sin 0 -J2 cos _.
E4 = E e = E e (4. 1-16)

Using the identity that eJx = cos x + j sin x , the equations reduce to

-_ 7r 7r

E l = E cos (_cos _b sin 0) + jEsin (_cos _b sin e), (4. 1-17)

--_ w W

Ez = E cos (_sin _b sin 6) + jEsin (_sin dp sin 0), (4. 1-18)

/r w

E3 = E cos (-_cos _b sin O) + jEsin (-_cos dp sin 0) and (4. 1-19)

"_ W Tf

E4 = E cos (-_sin _b sin O) + jE sin (-_sin _b sin 0). (4. 1-20)

Using the identities, cos x = cos (-x) and sin (x) = -sin (-x) ,

and adding;
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E R = El + Ez

and

We advance

+ E3 + E4

(4.l-Zl)
11" W

= 2E [cos (T cos * sine)+ coslgsin,sin8)] ,

E1 - E3 = jZE sin (-_cos _ sin 0) = E C (4. 1-22)

Ez - E4 = j 2E sin (_ sin qb sin 0) = E B . (4. 1-2.3)

E G by 90 ° and add the two differences such that

E A = E C e

.Tf

j-f

E-_AB = EA + EB and

EAB = 2E sin (-_ cos _ sin 0) + j 2E sin (_ cos q% sin 0) . (4. 1-24)

D. C. voltages proportional to [ER[ and [EABI are produced after

going through the rectifiers and elevation information is obtained by

examining the magnitude difference, l_el I_ I,whoso

I ABI =
and

W W

2E 4 sinz (_ cos ¢ sin e) + sin z (_sin ¢ sin @)

17 17

= 2E{[cos (xc°s 4_ sin O) + cos (X sin ¢ sin 0)]

' Z W 11"

- ( cosCsinO) + sin" ( sinCsine)

(4.I.Z5)

Azimuth information is obtained by comparing the phase of E R with

the phase of EAB in a phase detector. The DG output from a

phase detector is _roportional to the phase angle difference, 41'

between ER and EAB and

41 = tan-

T[

sin (-_ sin ¢ sin O) (4. l-Z7)
1

W

sin ( -_ COS ¢ sin 8)
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The DC voltage output from this phase detector, designated as

#1, is ambiguous because the range of the phase detector character-

istics is 180 ° while the range of the function q_l is 360 °

To resolve this ambiguity, the reference voltage E R

and compared with EAB through phase detector #2.

angle, _z, between _R and J_AB is given by

is shifted 90 °

The phase

qJ2 : @1 - 90°. (4. 1-28)

A computer program has been written and used to determine values

_o_1_ L_I I_1 - I_1 ,, _d *__ a_nc_iono_
azimuth angles, ¢,for values of elevation angles, 0, in 10 °
increments.

Figure4-15 is a plot of the DC voltage output from phase detector

#1 versus azimuth angle,_,for 0, 30, 60, and 90 ° elevation angles,

@. Figure 4 =16- is a plot of the DC voltage output from phase

detector #2 for the same parameters as in Figure 4-15.

Note that for a given azimuth angle,_b, and varying elevation angle,

0, from 0 to 90 ° , the DC voltage output change is relatively
small.

Elevation information is obtained by comparing the magnitudes of

the difference voltage [E R*[ - IEAB '_[ . (See Figure 4-14.) This

difference is independent of range due to the AGC loop characteristics.

The loop analysis is as follows:

ERf O JER
f(o)

Figure 4-14. Elevation Determination Loop
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Where

G = gain of IF as a function of the AGC voltage,

V = AGC voltage and

A = gain of AGC amplifier,

let

G =

where

GO
K

Then,

GO - KV

= nominal gain of IF amplifier and

= the gain constant as a function of the AGC voltage.

ER* = (G o - KV) E R , (4. 1-29)

EAB" = (G O - KV) EAB ,

V = A (ER* + EAB"),

ER* = [G O - KA (ER* + EAB )] E R

(4. 1-30)

(4. 1-31)

(4. 1-32)

* : [G O - KA ":' )] EAB. (4. 1-33)and EAB (ER + EAB*

Summing equations (4. 1-32) and (4. 1-33),

ER* + EAB" = [G O - KA (ER* + EAB')] (ER. + EAB)

E R + EAB' + KA (ER* + EAB*) (E R + EAB) = G O (ER + EAB)

(4. 1-34)

and ER* + EAB"

If KA (E R + EAB)

Go (ER + EAB)
w_.

I+KA(E R+EAB)

(4. 1-35)

(4. l- 36)

> > 1, equation (4. 1-36) reduces to

Go

ER* + EAB' KA " (4. 1-37)
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Equation (4. 1-37) agrees with general AGC theory which states
that the output voltage ER_,_+ EAB':' is independent of the input
voltage.

Subtracting equations (4. 1-32) and (4. 1-33),

ER;' - EAB* = [G O - KA(ER':' + EAB*) ] (E R - EAB). (4. 1-38)

Combining equations (4. 1-34) and (4. 1-38), we obtain

E R ;','_ EAB '," =
(ER* + EAB-':')(E R - EAB)

E R + EAB
(4.1-39)

Since ER':' + EAB".' is held constant by AGC, the output difference

term, ER_:' - EAB;:", is independent of range and antenna vertical

radiation characteristics because E R - EABchanges the same amount

as E R + EAB. Figure 4-17 is a plot of ER;:' - EAB':' versus azimuth

angles, 9, and constant elevation angles, 8, in 10 ° increments.

The results indicate that, when the vehicle is close to the horizon

(8 = 90°), the elevation information is ambiguous. Unambiguous

elevation information may be obtained throughout 0 ° < 8 < 50 ° . It

appears feasible to resolve the ambiguous elevation information to

within 20 ° by utilizing the phase detector outputs (Figures 4-25 and

4-16) which are relatively independent of elevation changes.

4.1.3 Tracking Link - The analyses performed with respect to the track-

ing function of the AROD System are also related to its position and

velocity determination characteristics. Specific determinations of

the positional and velocity errors inherent in the system were per-

formed by using two missions typical of the Saturn V. The

analyses pertinent to intermodulation and demodulation are general

in content and are applicable to the command link.

4.1.3.1 Determination of Maximum Range, Range Rate, Range Acceleration,

and Elevation Angle Rate for Tracking a Satellite I0 _ In the study

of satellite tracking systems, consideration must be given to the

maximum value of the measured parameters. For a doppler sys-

tem, these parameters are range, range speed, range accelera-

tion, elevation angle, and elevation angle rate.
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The following treatment is made on the assumption that the position

of the satellite is known relative to a system of coordinates fixed in

space with the origin at the center of the earth and the Z-axis along

the rotation axis of earth•

Referring to Figure 4-18, let

= the vector from the center of the earth to the satellite and

Ri = the vector from the center of the earth to the tracking site.

Then the range vector, x i, is given by

x i = r Ri. (4.1-40)

By differentiating equation (4. 1-40) with respect to time, the range

velocity, _

x i = r - R i . (4. 1-41)

Here _ is the velocity of the satellite in the space-fixed coordinates

and R i is the velocity of the tracking site in the same system of

coordinates. In general, R i is given as

Ri = Re cos ×icos _i7 + Re cos ×isi" _i_ + Re sin ×i

where R e = the radius of the earth at the trackirg site, (4. 1-4Z)

k i - the latitude of the tracking site and

_i - the longitude of the tracking site.

By differ entiation,

R-i = - Re_i cos _i sin _i i + Re_i cos ×i cos _i J •

(4. 1 - 43)

The quantity _i is the angular rotation speed of the earth and is a

constant•

The range speed is determined by finding the component of _i along

the range vector, x--i. Therefore,
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e_ D •

xi • xi - I ill xil co, (4. 1-.44)

and the range speed is given by

x i ; Ixil cos r I and

x i • x i
= (4. 1-45)

i xil

Substituting the values of Ki from equation(4. 1-40) and _i from

equation (4. 1:.41) yields

• {r - R i) • {_- Ri)
xi = . (4. 1-46)

The range acceleration is found in a similar way by taking the

scalar product of the range acceleration vector and the range vector.

Thus,

where _ is the angle between

is

cos _ (4. 1-47)

x i and x i. The range acceleration x i

• Ilx i = x i cos _ and (4. 1-48)

_ xi x i
(4. 1 - 49)

Upon s.ubstituting for _i and Ki, the range acceleration is obtained as

°"

"" (r- R i) (r- R i)

xi - IT _ xi I /4.1-_0)
The elevation angle will be defined as the angle between the horizon

or a plane tangent to the earth at the tracking site and the range

vector, _i , of the site. This elevation angle, e i, is the complement

of the angle between R i and x i . Taking the scalar product of R i

and Ki ,
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- I_il I%1.inoi (4. 1- 5z)

Therefore,

sin e i =
_. x_

and (4.1-53)

Ri " (_'- Ri)

IRil I;- R.il
(4. 1 - 54)

The elevation angle rate, el' is obtained by differentiating

equation(4. 1-53)with respect to time, providing

cos e i ei =
R i • x i + R i • x i

I_il Ix_l

I_l _Ix_l_
e(_. _)1_1 +I_1 (% _i)]. (4. 1-55)

Solving for ei ,

i • D

• (Ri" xi ) + (R'i * xi)

ei =

(R i " xi) --

I_il _ 17il_ [(Ri. I I1_1(7i- _)] [1 - sin z ei]_

(4. 1-56)
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Using the vector geometry method outlined, one can obtain
information about the azimuth angle, a i , and the bearing angle

, of the target. If the azimuth angle,a i,is defined as the angle

between the plane containing _i , F, and Ki and the plane of

and _i , then

(Itix_') (_xRi) = Rix7 kxR.i cos _i- (4.1-57)

The bearing angle of a target is the angle between the plane of

and ? and the plane containing k and r. Therefore,

(? xr) (k x r) = r x r k x r cos _ . (4. 1-58)

In general, the plane of motion of a satellite will be a constant; thus,

the angle between the normal to this plane and the Z-axis of our

fixed system of coordinates is a constant, y This angle is found

by the relation

k rxr =
Yxr cos ¥ (4.1-59)

For an elliptic path about the earth;

K z
r =

_(1 + E cos 0)

where

(4. 1- 60)

K z = _a (I - Ez),

= 3.9788839 X 1014 meters3/sec, z

1

a = _ [T +V + 2Re] with T the apogee of the satellite,

v the perigee, and R e the mean radius of the earth,
1

E = _ [T + V + 2Re] - [v + Re] is the eccentricity of the
orbit and

the angle between the major axis of the orbit and the

vector r as measured from the center of the earth.

Thus, r is defined in terms of 0 for planar motion, and the

equations are functions of a single variable.

Parameter Values For AROD System. The general equations

presented in the previous section have been used to determine values

of parameters required in the design of the AROD system.

For this purpose, two particular orbits have been chosen; one
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circular at 105 nautical miles (l. 946 X 105 meters) and the other
elliptic with an apogee of 2000 nautical miles (3. 706 X 106 meters)
and a perigee of 90 nautical miles (1.668 X 105 meters). To assure

inclusion of the most severe conditions, equatorial orbits were assumed

with the tracking station in the plane of the orbit.

A limitation has been imposed in that the line-of-sight for tracking

cannot be less than 5 ° with the horizon. For the elliptic orbit,

calculations were made varying the position of the tracking site

with respect to the major axis of the orbit, within the limits deter-

mined by the above condition. The geometries involved for the

results are shown in Figures 4-i9 through 4-21. In the case of

circular orbit, the calculations will have the same results for any

position of the tracking station. Results of the calculations are

given below.

1. Circular equatorial orbit (105 NM altitude) :

a0 Maximum range 5 ° above the horizon is i. 144 X 106

meters.

b° Maximum range velocity 5 ° above the horizon is

7. 066 X 103 meters/sec.

Co Maximum range acceleration occurs with the satellite

directly overhead and is 2. 668 X 10 z meters/sec. Z

d° Elevation angle rate 5 ° above the horizon is 1.625 X 10 -3

radians/sec.

2. Elliptic equatorial orbit (2000 NM apogee, 90 NM perigee) :

ao Maximum range 5° above the horizon occurs as shown

in Figure 4-19 and is 7. 273 X 106 meters.

b. Maximum range velocity occurs as shown in Figure 4-20

and is 7. 912 X 103 meters/sec.

Co Maximum range acceleration occurs for the satellite

directly overhead and at perigee and is 3. 8S8 × lO 2
2

meters/sec.

d. Maximun_ elevation angle

occurs as shown in Figure

radians/sec.

rate 5 ° above the horizon

4-21 and is 1.986 X 10 -3

A glossary of the symbols used in this analysis is given on pp 4-39 and

4 -40.
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= 134 °

Figure 4-19. Positions for Maximum Range at 5 ° Above

the Horizon

Figure 4_20. Positions for Maximum Range Speed
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Figure 4-71. Positions for Maximum Elevation Angle

Rate at 5 ° Above the Horizon
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LIST OF SYMBOLS

a

ei

K

D

r

R
e

m

r

R i

xi

8

k i

Semi-major axis of the elliptic orbit

Elevation angle of the target from the tracking site

A constant of motion of the satellite, numerically equal

to twice the areal velocity of the satellite

Vector from the center of the earth to the satellite

Radius of the earth at the tracking site

Vector from the center of the earth to the radar site

Velocity vector of the satellite

Velocity vector of the tracking site

Range vector from the tracking site to the target

Range velocity vector

Azimuth angle from tracking site to the target

Bearing angle of the satellite

Constant angle between the plane of motion of the satellite

and the rotation axis of the earth

Eccentricity of the orbit of the satellite

Angle between the vector r and the velocity vector of the satellite

Angle between the vector r and the major axis of the elliptic
orbit

Latitude of the tracking site

Longitude of the tracking site

Gravitational constant of the earth

Angular rotation speed of the earth
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List of Symbols (Cont.)

v

T

Perigee of the satellite measured from the surface of the earth

Angle between the vectors x i and x i or range acceleration
vector and range vector

Apogee of the satellite measured from the surface of the earth
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4. I. 3. Z Evaluation of Potential Locations for AROD Transponder Stations for

Operation With Typical Saturn Trajectories 11, Iz, 13, 14 _ Potential

locations for AROD transponder stations to be used in conjunction with

typical Saturn trajectories were evaluated with respect to line-of-sight

Communications criteria, geometric dilution of precision (GDOP), and

velocity dilution of precision (VDOP).

All stations were positioned relative to, and the trajectory was based

upon, a spherical, fixed earth model. Errors in the station coordi-

nates were assumed to be seven (7) meters z The accuracy of survey

for a particular station, when known, may be included in the program.

Errors in range were calculated as functions of range from the result

of the AROD Design Feasibility Study z

_i_ = 1.37 + 9. l X l0 -7 R (meters)

The analyses involved are related to two conditions. The first is the

mission of Saturn in which a trajectory with a bearing angle of I05 °

from true north is used. The second is the mission of Saturn in which

a trajectory with a bearing angle of 72 ° from true north is employed.

Due to a limited amount of available trajectory information, the po-

tential locations of the transponder stations were chosen to represent

areas within range of a significant portion of the trajectory.

A minimum of three transponder stations are required to be within

line of sight of one of the trajectory points for a minimum elevation

angle of 5 ° . Therefore, all considered locations meeting the line-of-

sight requirement for a given trajectory point were evaluated in groups

of three. The number of possible combinations of n stations taken c

at a time is given by

n:
N-

c: (n- c):

The direction cosines from the vehicle in trajectory to the station

positions were calculated to allow determination of the antenna

coverage requirements and beginning, duration, and end of line-of-

sight conditions.
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Direction Cosines to Ground Stations Iz, 13. The direction cosines

from the Saturn vehicle trajectory to the ground stations are presented

in a reference system defined as follows:

1. One coordinate axis along the velocity vector of the vehicle.

. One axis parallel to the earth's surface and orthogonal to the
first axis.

3. The third axis is orthogonal to the first two.

Figure 4-22 shows the geometry of the reference system with respect

to the earth and the ground station and Figure 4-23 shows the geometry

of the local reference system of the vehicle.

Procedure for Calculating the Direction Cosines from the Given

Trajectory Information. The vector, Ks, is determined for each

ground station from the latitude and longitude of the station by

where

x s

Ys

z s

with

R e

¢s

Rs = iXs + JYs + kzs (4. 1-61)

= R e cos qbs cos 0 s, (4. 1-6Z)

= R e cos q_s sin 0 s and (4. 1-63)

= R e sin q_s (4. 1-64)

0 S --

the radius of the earth,

latitude of the station and

longitude of the station.

R, the position vector to the vehicle, is determined from the given

altitude, latitude, and longitude of the vehicle by

R = ix+ jy + kz

where
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Z

J

R

W

r

V

Ground

Station

Y

Equatorial Plane

X

Figure 4_72. Reference System of Vehicle,

Earth, and Ground Station

OXYZ is a rectangular coordinate system with the origin at the

center of the earth.

Rs is the position vector from 0 to the ground station.

R is the position vector from O to the vehicle.

---_o

r is the line-of-sight vector from the vehicle to a ground station.

V_ P, and W ;tre vectors along the axes of the reference system

defined by (a), (b), and (c) respectively.

uj _, and 3( are the direction angles from V-_, P, and Wrespectively
to r .

j , and k are unit vectors in the direction of x, y, and z

respectively.
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Z

X

o

Figure 4-Z3. Local Reference System of Vehicle

R -

V -

8 -

Xm, Ym,

@

Position vector to the vehicle

Velocity vector

Bearing angle {positive clockwise from north)

Re-entry angle (positive above the horizontal)

zm - local reference system of the vehicle with

the positive directions of x m, Ym, and Zm

being due east, due north, and along R respectively.

Longitude of vehicle

Latitude of vehicle
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with

x = (R e + H) cos ¢ cos e, (4. 1-65a)

y = (R e + H) cos qb sin @ and (4.1-65b)

z = (R e + H) sin _ (4. 1-65c)

H = altitude of the vehicle,

= latitude of the vehicle and

0 = longitude of the vehicle.

The vector V, which is in the direction of the velocity vector, is

determined from the re-entry angle (tilt angle), bearing angle (angle

measured from north to the projection of the velocity vector in the

local horizontal plane), latitude, and longitude of the vehicle by

V = ik+j_+k_ (4. 1_66)

where

-sin 0 -sin qb cos 0 cos qb cos 0

cos 0 -sin _ sin 0 cos q_ sin 0

0 cos qb sin qb

Vx

Vy

vz[

(4. 1-6 7)

V x, V , and V are the components of the velocity vector in they z
local reference system of the vehicle (See Figure 4-23.) and are

given by

V x = V cos 5 sin 4, (4. 1-68a)

Vy = V cos 5 cos _ and (4. 1-68b)

V z = V sin 5 (4. 1-68c)

where

8 - re =entry angle,

q_ - bearing angle and

V = magnitude of the velocity vector.
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Equation (4. 1-67) is a matrix equation representing the transformation

from the vehicle reference system(x m, Ym' Zm)tO the earth-fixed

OXYZ system.

The vector P, which is parallel to the earth and perpendicular to V,

can now be determined by the vector relationship

P = V x R (4. 1-69)

The third reference axis for the direction cosines is related to P

and _ by

W = P × V (4.1-70)

The only remaining quantity necessary for the computation of the

direction cosines is the line-of-sight vector, _ From Figure 4-22,

we have

r = R s - R (4. 1-71)

The direction cosines are given by

V " r

COS {I :
IV1 1 ' ( 4. 1 -72)

• r

cos _ - I_] I-_1 and (4.1. -73)

cos y
W • r

]W[ [_] {4. 1-74)

A computer program was written to accept trajectory information

and ground station coordinates and provide as outputs the three

direction cosines and the respective angles.
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Geometric and Velocity Dilutions of Precision. The geometric and

velocity dilutions of precision are determinations of the imperfect

measurements of the spacecraft's position and velocity resultant from

errors in the measurement of range and range rate, errors in the

locations of the tracking stations, and the relative positions of the

spacecraft and tracking stations. They are described by covariant

matrices of positional and velocity errors.

These matrices are obtained from measurements of range and range

rate and from known errors in these measurements and in the locations

of the tracking stations. However, errors in measurements are not

the only contributors to positional and velocity uncertainties. The

geometry of the stations relative to a specified trajectory point is of

prime importance.

Once these covariant matrices have been obtained, they may be

operated upon by an orthogonal transformation to obtain the magnitude

of the semi-axes of elliptic error volumes which contain, with a

specified probability, the spacecraft's position and velocity. This

method yields the same volume as that obtained from the computation

of an equivalent spherical volume, but it provides the linear errors

along a set of principal axes traveling with the spacecraft.

The projections of the semi-axes on the geocentric system can be

deduced from the elements of the transformation matrix by _neans of

polar spherical azimuth and elevation angles measured in a geocentric

system.

The required inputs for the evaluations are the coordinates of the

potential transponder station locations, the accuracies of such

coordinates, sufficient trajectory data with which to determine vehicle

position relative to space-fixed coordinates, vehicle vector velocity as

a function of position or time, and the range rate error expected of

the system.

Method of Calculating Geometric Dilution of Precision 11 The

covariance matrix of position error, Ep, is given by

E
P

0-xx

= 0-yx

ffzx

_xy _xz

Cyy _yz

_zy _zz

(4. 1-75)
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where 0-xx = variance of x position error, 0-xy = 0ryx = co-variance
of x and y position errors. The information containeain E_
describes an error volume in space within which the vehicle _ies
with a specified probability.

A spherical volume with center at the computed position of the

vehicle is related to Ep by

Pp = K ]Ep [ 1/6 (4. 1-76)

where P.p is the radius of the sphere. The probability that the
vehicle is actually in the sphere is related to the proportionality

factor, K, by a chi-square distribution function.

The quantity Pp/K is used as an over-all estimate of position error.

A computer program was written to calculate the elements of Ep

and the value of Pp/K. Inputs to the program are three coordinates

of vehicle position, nine coordinates for the locations of the three

stations, the RMS errors in range measurement, and the RMS

errors in the nine station coordinates.

Pp/K is computed as follows:

From Figure 4-24, the range of the vehicle relative to the three

stations is given by

z zi)2 (4. 1-77)ri = (x - xi )z + (y - yi) z + (z -

From equation(4. 1-77), the errors in vehicle position Ax, Ay,

are related to range errors Arl, Ar z, Ar3; and errors in the

location of the three stations, _x i, Ay i, Az i (i = 1, 2, 3,)by

riAr, = (x - x,)(Ax- Ax,) + (y - yi)(Ay - Ay,)

/k Z

+ (z - z,)(Az - Az,), (4. I-7B)

rzArz = (x - xz)(Ax - Axz) + (y - yz)(Ay - Ayz)

+ (z - zz)(Az - Azz) and (4. 1-79)

r3 Ar 3 = (x- x3)(Zlx- ax3) +

+ (z - z3)(Zlz - Ziz3).

(y - ys) (_y - Ziy3)

(4. 1-80)
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Z (Along the earth's polar axis)

(X, Y, Z) Position of Vehicle

:r

Vehicle Trajectory

k

0

1

Equator

Y

X

X,Y,Z

RI, Rz, R3

1"1 , rz, r3

r

{Xi' Yi' Zi)

i = 1,2,3

i, j, k

Geocentric Inertial Frame

Location vectors for the three stations,

Range vectors from stations to vehicle

Position vector of vehicle

Co-ordinates of the station complex

Unit Vectors along X, Y, Z respectively

l _ 2 P

Figure 4-Z4. Coordinate System Used in Error Analysis
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The elements of Ep are determined in the following manner:
After dividing equations (4. 1-78), (4. 1-79),and(4. 1-80)by r,,
and r3, respectively, and rearranging, they become

Ar, + all Ax, + alz Ay, + a,3 Az, " aix Ax+ alzAY + a,3 Az_

rz,

(4.1-81)

Arz + azl Axz + azzAyz + aza AZz = azl Ax+ azzAY + az3 Az

and

Ar3 + a3, Ax3 + a3zAY3 + a_3 Az 3 = a31Ax+ a_zAy + a33 Az

where the a'

U _-"

s are the elements of a 3 × 3 matrix M,

x- x, £__L.Y_t z - z t

rl rl rl

x- Xz Y-Yz z - z_

r2 r 2 r 2

_ z - z_

r3 r3 r 3

all alZ

azl azz

a31 a3z

a13

az3 (4. 1-84)

a.3 3

Equations (4. 1-81), (4.1-t52) and (4. 1-83}canbe written using matrix

notation as

U_

AX

Ay

Az

I 0 0

0 I 0

0 0 0

_rl

Ar z

Ar3

+

all a12 a13

0 0 0

0 0 0

Ax 1

Ay,

Az,

+

0

azl

0

az2

0

a23

0

+

0

0

a31

0

0

a32

0

0

a33

Ax 3

Ay3

_,z 3

• (4. i-85)
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Let A P --

Ax

Ay

Az

MI

all

_- 0

0

_12

0

0

al

0

0

; AS, =

ax1

ay,

,[Az,

M 2 =

M 3 =

0 0 0

0 0 0

0 0 0

a31 a32 a33

; ASz =

; AS3 =

Ax 2

_lXz

Axz

Ax 3

AY3

Az 3

; Ar --

(4. 1-86)

Arl

Ar z •

Ar 3

Now AP , the matrix representing error in vehicle position, may

be written as

AP = M -1 (At + M1AS1 + MzASz + M3AS3). (4. 1-87)

Ep can be obtained by right multiplying both sides of equation
(4. 1-87) by its respective transposes and statistically averaging

both sides of the resulting matrix equation. This provides

Ep = APAP t =

O'xx g'xy _xz

cryx O'yy ay z

O'zx O'zy O'zz

for left side of (4. 1-87).

To obtain the right side of equation (4. 1-t87)_ultiplied by its trans-
pose, the matrix identities, (A + B) t = A + B and (AB) t = B t A t ,

are used to give
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(Ar + MIAS l + MzASz $ M3AS3)(Ar t $ _$1 t Ml t $ ASzMzt $ AS t M3t)

= _rAr t $ ArASlt Mlt + ArASzt Mat + ArAS 3t M3t $ MIASIAr t

+ MiASiASltMlt + MiASiASztMzt+ MIASIAS3tM3t + MzASzAr t

+ MzASzASltMlt + MzASzASztMzt + MzASzAS3tM3t+ M3AS3Ar t

÷ M 3AS 3AsltM1t + MzAS3_$tMzt ÷ M3AS 3AS 3tM3t (4. 1-88)

In this analysis, errors in range and in station location are assumed

to be independent; therefore, all cross terms such as MzASzASltMI t

vanish when statistically averaged.

Ep is now given by

Ep = M .l(ArAr t + MIASItMI t + MzASzASztMz t + M3AS3AS3tM3t)(M-I) t.

With the elements of Ep determined, Pp/K can be computed by

Pp/K = Ep . (4. 1-90)

The computer program is written so that, for each set of input data,

Pp/K is printed out. Pp/K is related to position error volume

radii for any probability level P by Figure 4-;_5. For example,

with a minimum value of P_/K = 15 meters, the vehicle is estimated
P

to be within a sphere centered at that particular position and having

a radius of 15 meters. The approximate probability level, P, is

given as a function of K in Figure 4-Z5. Thus, for K = 1, the

probability of the vehicle being within the sphere is Z0 per cent;

for K = 2, P = 0.75; and a sphere of radius 30 meters

corresponds to a 75 per cent probability level.

Additional computer outputs are the semi-axes and orientation angles

of the elliptic error volumes. These dimensions correspond to a

probability level of only Z0 per cent. To obtain a dimension for any

probability level, see the chi-squared distribution curve, Figure 4-25,

to obtain the K that corresponds to the desired probability level. Then

multiply the given number by K.

(4. 1-89)
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Figure 4-25. Chi-Square Distribution for Three Degrees of
Freedom
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Method of Calculating Velocity Dilution of Precision. The covariant

matrix of position errors, E V, is calculated in the same manner as

the matrix of positional errors, Ep.

Starting with the range equation,

riz = (x - xi)z + (y - yi)z + (z - zi)z , (4. 1-91)

the relation of the vehicle position errors, Ax, Ay, and ,% z, to range

errors, Ar,, ,%rz, ,%r3, and errors in the location of the three stations,

,% xi, A Yi' `% zi, is given by

ri,%r i = (x - xi)(Ax - A x i) + (y - yi)(Ay - `%yi) + (z - zi)(,%z - Azi ) .

(4.1-92)

The vehicle velocity errors (A_, `%9, `%£) are then given by

rl Arl÷ rlhrl = (x - Xl)hX ÷ x(Ax - Axl) +

+ (z- zl)a£+ £(az - az,)

rzhrz+ rzArz = (x - xz)ak+ x(hx - hxz) +

+ (z - zz)a£ + £(az - azz)

(Y " Yz)A_' + 9(`%y _ ,%Yz)

and (4. 1-931

r3 Ar 3 + r3Ar3 = (x - x3)Ak + x(Ax- Axl) +

+ (z - z3)A£ + :z(az - az 3)

(Y " Y3),%_' + _,(Ay - Ay3 )
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Rewriting the above equations in matrix form and multiplying each

side of the equation by the matrix,

[--

1

j-- orl

I
I o ±
I rz

Io o

0

1

r3

yields

m

r|

0

+

0

_z

rz

0

R

i

rl

k

rz

k

r 3

0

k

rz

0

0

0

r3

±
r!

_k
rz
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These matrices may be written symbolically as

QAr +A_ = MAV + NAP - NIASI - NzASz - N3AS3

, In the development of positional error equations,

AP = M -i (Ar + MIAS I + MzAS z + M_AS3)

Substituting for AP and transposing MAV gives

MAV =

(4. 1- 95)

it was shown that

{4. 1 - 96)

QAr + Ar - NM -l(Ar + M IASl

+ NIASI + NzAS z + N 3AS 3

+ MzASa + M3AS 3)

(4. 1-97)

Rearranging,

MAV = Ai- + (Q = NM-I)Ar + {N 1 = NM-IMI)_SI

+ (Nz - NM-1Mz)ASz + (N3 - NM-1M3)AS3 (4. 1-98)

Right multiplying both sides by their respective transposes and

statistically averaging produces the equation,

MEvMT = E.r ÷ (fi - NM-I)Er(Q " NM-I)T + (Nl - NM -I Ml)Esl

(NI-NM -IMI)T

T

+ (Nz - NM-IMz)Esz{Nz NM-IMz)

+ (N 3 NM-IM3)Es3 (N 3 - NM-IM3) T ( 4. 1 -99)

Multiplicationby M -1 and (MT) -1 provides

E V = M'I[E • + (Q - NM-I)Er(Q - NM'I) T + (Nl - NM-IMI)Es
r

T
(Nl - NM-IMI)

+ {N z - NM-IMz)Es (N z - NM'IMz) T
2

+ {N3 - NM-IM3)Es3 (N3 - NM-IM3)T](M-I) T a_d (4. 1-100)
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E V = Velocity Covariant Matrix

0-• •

xx

-" 0-. .

yx

0-. •

zx

0"• . 0"° °

xy xz

0-. ° 0-° °

yy yz

0-. ° 0-. •

zy zz

(4. 1-101)

A computer program has been written to calculate the velocity covariant

matrices and, from them, to obtain the magnitude of their semi-axes

and the angles that determine their orientation. All dimensions presented

correspond to a probability level of only 20 per cent. To obtain a

dimension for any probability level, see the chi-squared distribution

curve, Figure 4-25, to obtain the K that corresponds to the desired

probability level. Then multiply the given number by K.

Evaluation for Trajectory with 105 ° Bearin_ Ansle - Plots of given

trajectory parameters were made in order to obtain a greater number

of points and to determine the bearing angle, O/ . These plots are shown

in Figures 4-26 and 4-27 and 3, 4, 5, and 6 of Reference 12.

Antenna beam limitations were considered, on the basis of mounting and

pattern problems, to be -20 ° from the local horizon perpendicular to

the trajectory. Of this, -15 ° was due to the necessity for mounting the

receiving and transmitting antennas on opposite sides of the vehicle 15 °

away from the point on the vehicle which is nominally closest to the earth,

and -5 ° was due to the +__5 ° roll specification on the vehicle• Assuming an

antenna pattern that extends 90 ° on each side of its center line, the

requirement for a transponder to be simultaneously in contact with the

transmitter and receiver gives a limit of 70 ° on the effective beam half-

angle measured from the plane of the trajectory. The coverage limit due

to this criteria is shown in Figure 4-28.

To take full advantage of the extent of coverage afforded by the requirement

for a minimum elevation angle from the transponder site of 5 ° above the

horizon, an effective beam half-angle of 75 ° i0' is required for an altitude

of 105 nauticalmiles. If it is possible to communicate between the vehicle

and transponder on the horizon (0° elevation), an effective beam half-

angle of 76o01 ' may be utilized for a I05 nautical mile orbit. For lower

altitudes, the effective beam half-angle must be larger to include the

horizon. For higher altitude orbits, the effective beam half-angle may

be less for full horizon-to-horizon coverage.
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The bars along the trajectory line in Figure 4-28 indicate the zones

of coverage of the potential stations for the given trajectory. This

was based upon attitude versus ground range and a minimum elevation

angle of 5° above the horizon. For ground ranges in excess of 900

nautical miles, this altitude is the orbital altitude of 105 nautical

miles and the effective beam half-angle required is 75°10 '.

The geometric dilution of precision computations, due to limited

trajectory information available at the time, were based upon three

discrete points of the vehicles flight. These points were; (1) the

beginning, (2) the range midpoint, and (3) the end of the S-IV (second

stage) portion of the mission. Table 4-3 lists the potential transponder

station locations and indicates which fulfill the line-of-sight requirements

for each of the three trajectory points. The trajectory information,

direction angles, and direction cosines are plotted in Figures 7 through

24 of Reference 12 and a tabulation of these plots is shown in 'Fable 4-4.

The potential sites resolve into 20 group combinations for point I, 165

for point 2, and 35 for point 3. The root mean square error volume was

calculated for each grouping of three stations and the groups arranged

in order of least error volume. Logical selections of the groups consistent

with continuous tracking and least error were made.

The error volumes, in terms of I__/K for each trajectory point are listed

in the order of increasing error inPTables 4-5, 4-6, and 4-7.
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Table 4-3

LIST OF GROUND STATIONS CONSIDERED FOR AROD

TRANSPONDERS BASED ON A 105 NM CIRCULAR ORBIT

LAUNCH PHASE TRAJECTORY, INITIAL BEARING ANGLE = 105 °

Station

Cape Canaveral

Grand Bahama

Fort Myers, Fla.

_:leuthera

Charleston, S. C.

J upit e r

Mayaguez

Great Inague

San Salvador

Bermuda

Grand Turk

Santa Lucia

Antigua

Location

Location Control or

Lat. Long. Equipment

?8 °27.6'N 80 °33.6'W NASA

26°36. 9'N 78 °20.9'W NASA

26°36. 9'N 81°51. 9'W NASA

25°16. l'N 76°18.8'W SCR-584

3?°48.0'N 88 °00.0'W

27°01.2'N 80°06.8'W NASA

18010.5'N 67°05.3'W SCR-584

20°54.0'N 73°42.0'W

24°04.0'N 74°32.2'W SCR-584

32021.0'N 64°39.4'W NASA

21 °26.0'N 71°08.7'W NASA

13°48.0'N 61 °06.0'W

17°08.6'N 61 °46.7'W NASA

Trajectory
Point in

1 2 3

X X

X X

X X

X X

X X

X X

X

X

X

X

X

X

X

X

X

X

X

X

Trajectory Point 1 - Altitude 61 kin,

2 - Altitude 195 kin,

3 - Altitude 195 kin,

Range 30 NM

Range 480 NM

Range 990 NM
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Table 4-4

SUMMARY OF PLOTTED RESULTS

(Shown in Reference 4-12)

Altitude as a Function of Time

Tilt Angle as a Function of Time

Vehicle Latitude and Longitude as a Function of Time

Latitude as a Function of Longitude

Direction Angles for Cape Kennedy

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Direction

Angles

Angle s

Angle s

Angle s

Angles

Angles

Angles

Angles

Cosine

Cosine

Cosines

Cosines

Cosines

Cosines

Co s ine s

Cosines

Cos

for Jupiter

for Fort Lauderdale

for Walker Cay

for Grand Bahama

for Eleuthe ra

for San Salvador

for Mayaguana

for Grand Turk

s for Cape Kennedy

s for Jupiter

for Fort Lauderdale

for Walker Cay

for Grand Bahama

for Eleuthera

for San Salvador

for Mayag uana

ines for Grand 'Turk

Figure No.

3

4

5

6

7

8

9

10

II

IZ

13

14

15

16

17

18

19

20

21

22

23

g4
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Table 4-5

ERRORS ASSOCIATED WITH DIFFERENT

COMBINATIONS OF STATIONS WITHIN

RANGE OF TRAJECTORY POINT 1

Stations

Cape, Ft. Myers, Grand Bahama

Cape, Ft. Myers, Eleuthera

Cape, Charleston, Eleuthera

Cape, Grand Bahama, Charleston

Cape, Jupiter, Ft. Myers

Cape, Jupiter, Eleuthera

Cape, Jupiter, Grand Bahama

Ft. Myers, Grand Bahama, Charleston

Ft. Myers, Charleston, Eleuthera

Pp/K

7.!735

7. 807

8. 024

8.038

8.796

8. 887

9. 084

9. 310

9. 551

Total Combinations = ZO

Highest Error, Pp/K = 22. 31

Cut-Off for Consideration, Pp/K = 9. 39, Rank 9

Range = 30 NM Altitude = 61 km
Time = 1 55 sec
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Table 4-6

ERRORS ASSOCIATED WITH DIFFERENT

COMBINATIONS OF STATIONS WITHIN

RANGE OF TRAJECTORY POINT 2

Stations

Grand Bahama, Bermuda, Grand Turk

Eleuthera, Mayaguez, Bermuda

Cape, Bermuda, Grand Turk

Eleuthera, Bermuda, Grand Turk

Jupiter, Bermuda, Grand Turk

Mayaguez, Bermuda, San Salvador

Ft. Myers, Bermuda, Grand Turk

Grand Bahama, Mayaguez, Bermuda

Charleston, Bermuda, Grand Turk

P /K
P

8. O87

8. 131

8. 142

8. 145

8. 167

8. 261

8. 276

8. 336

8. 357

Total Combinations = 165

Highest Error, Pp/K = 73. 770

Cut-Off for Consideration, Pp/K < 9. 39, Rank 26

Range = 990 NM Altitude = 195 km
Time = 624.5 sec
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Table 4-7

Stations

ERRORS ASSOCIATED WITH DIFFERENT

COMBINATIONS OF STATIONS WITHIN

RANGE OF TRAJECTORY POINT 3

Bermuda, Grand Turk, Antigua

Great Inague Island, Bermuda, Antigua

Bermuda, San Salvador, Antiqua

Bermuda, Grand Turk, St. Lucia

Great Inague Island, Bermuda, St. Lucia

Bermuda, San Salvador, St. Lucia

Pp/K

8. 896

8.914

9.051

9. 229

9. 252

9.40g

Total Combinations = 35

Highest Error, Pp/K = 34. 27

Cut-Off for Consideration, Pp < 9. 39, Rank 6
Range = 990 NM Altitude = 195 km

Time = 624.5 sec
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For convenience in discussing the choices made from these lists

based on a five station limit for continuous coverage of the Saturn

S-IVB stage, they are combined in Table 4-8 Pairs common

.to other trajectory points are indicated. Note that Antigua appears

in the three minimum error combinations for trajectory point 3.

For this trajectory portion, Antigua is chosen above St. Lucia.

Bermuda is common to all combinations for points 2 and 3 and is

our second choice. The combination of Great Inague (GI), Bermuda,

and Antigua is eliminated since it has no pair of stations occurring

in the minimum error group of combinations from trajectory point 2

(mid-stage). Note that there is no pair of stations common to any

combinations from point 1 and point 2. This indicates that we

cannot assure an overlap of ground transponder coverage between

these two points with only five stations for the tracking mission.

The best we can do is to select a station within range of both tra-

jectory points 2 and 3. From trajectory point 2, we have a large

choice. From trajectory point 3, our choice is limited to Bermuda,

Grand Turk, and San Salvador. Bermuda is within range at t = 400

seconds, ground range = 360 NM, and goes out of range at t = 657

seconds, ground range = I040 NM. Grand Turk comes within range

at 185 NM, t = 282 seconds, and goes out of range at I040 NM,

t = 657 seconds. This gives coverage at burnout and separation.

San Salvador comes within range at 70 NM, t = 615 seconds, but goes

out of range at 955 NM, t = 615 seconds and cannot "see" the

vehicle at separation (988 NM at t = 624. 5 seconds).

From this analysis, it is evident that the five best stations for con-

tinuous coverage with minimum error should include San Salvador

for earliest acquisition but must include Grand Turk if it is neces-

sary to "see" the separation point with three stations.

If San Salvador is selected, we must go beyond the list of minimum

error combination for trajectory point 2 given in Table 4-8 to find

a pair common to point 3 and point 2 containing San Salvador. The

first such combination is Charleston, Bermuda, San Salvador with

Pp/K = 8. 38. The next is the Cape, Bermuda, San Salvador with

Pp/K 9 05. Unless there is some overriding reason for using

Cape Kennedy as a location, the selection should be Charleston or a

combination in the initial portion of the trajectory involving both. If

the line of sight from the vehicle is limited by the vehicle antenna

pattern to within 70 ° of the trajectory path (see Figure 4-28), we

must eliminate any consideration of Charleston because it will be

outside the antenna pattern until the path angle is nearly 90 ° Station

Jupiter is within the pattern, and we will presume that the Cape

transponder station will be located down range so that it, too, will
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be within the antenna pattern. Our selection of five stations for

early track is then determined to be San Salvador, Jupiter, Cape

Kennedy, Bermuda, and Antigua.

If Grand Turk is selected, we have several choices of pairs from

trajectory point 2. Bermuda, Antigua, and Grand Turk are already

determined as three of the stations from trajectory point 3 criteria.

Our alternatives at point 2 from line of sight 5° above horizon

considerations with minimum error volume are Grand Bahama,

Cape Kennedy, Eleuthera, Jupiter, Fort Myers, and Charleston,

in order of minimum error for point Z tracking. The antenna pattern

limit of 70 ° from trajectory eliminates Fort Myers and Charleston.

Table 4-9 lists error volumes calculated for these combinations as

seen from the point of initial track by Grand Turk. For minimum

error, the logical choice is Grand Turk, Jupiter, Cape Kennedy.

Table 4-9

ERROR VOLUMES (Pp/K) ASSOCIATED WITH

STATION COMBINATIONS AS SEEN FROM

THE TRAJECTORY POINT INITIAL

TRACK FROM GRAND TURK

Station Combinations

Grand Turk, Jupiter, Cape Kennedy

Grand Turk, Grand Bahama, Cape Kennedy

Grand Turk, Grand Bahama, Jupiter

p p/K

12.64

14.77

15.55

The choices based on the criteria given may be summarized. Bermuda,

Antiqua, Cape Kennedy, and Jupiter are logical choices for four of the

stations. If early track is desired, the fifth station should be San Salvador.

If burnout and separation must be tracked, the fifth station must be

Grand Turk.
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With more complete trajectory information, the accuracy of the AROD

tracking system in the early minutes of the flight was determined by

computations of the geometric and velocity dilutions of precision for

"close-in" trajectory points. These points were chosen at twenty second

'intervals from time equal to 157 seconds through 397 seconds. The

first point is approximately 50 kilometers from launch and yet high

enough, 61 kilometers, for most stations to see and the last point is

as far down range as San Salvador.

Combinations of eleven (11) ground-based tracking stations that can

cover the early part of the trajectory were used. The stations considered

are Andros Central, Bermuda, Cape Canaveral, Eleuthera, Grand

Bahama, Grand Turk, Jupiter, Mayaguana, New Smyrna Beach, Page

Field, and San Salvador.

The calculations for each point were made for all combinations of stations

taken three at a time. For each trajectory point, the ten best combina-

tions of stations were listed in order of increasing radii of their equivalent

spherical error volumes of position. This listing is shown in Table 4-10.

In addition, the dimensions of the semi-axes of the geometric and velocity

error ellipsoids and the angles that determine their projections into a

geocentric system are listed for the suggested station combinations in
Table 4-11.

Since no combination is common to the lists for all points, no one group

of stations can be used to provide coverage over the early part of the

trajectory. However, two combinations can provide adequate coverage.

From the initial point to time equal to 257 seconds, the combination of

stations that give the best overall coverage is Cape Canaveral, Grand

Bahama, Page Field. At time equal to 277 seconds, Andros Central,

New Smyrna Beach, San Salvador become the best choice for the rest of the

points.
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Table 4- 1 0

COMBINATIONS OF STATIONS GIVING BEST COVERAGE

Time

157 sec Stations

Equivalent

Radius (meters)

I

2

3

4

5

6

7

8

9

I0

Time

177 sec

1

2

3

4

5

6

7

8

9

l0

Time

197 sec

1

Z

3

4

5

6

7

8

9

I0

..,,, Cape Canaveral, Grand Bahama, Page Field

Cape Canaveral, Andros Central, Page Field

Grand Bahama, New Smyrna Beach, Page Field

Andros Central, New Smyrna Beach, Page Field

Cape Canaveral, Jupiter, Page Field

Cape Canaveral, Grand Bahama, Jupiter

Jupiter, New Smyrna Beach, Page Field

Grand Bahama, Jupiter, New Smyrna Beach

Cape Canaveral, New Smyrna Beach, Page Field

Andros Central, Cape Canaveral, Jupiter

Cape Canaveral, Grand Bahama, Page Field

Cape Canaveral, Eleuthera, Page Field

Grand Bahama, New Smyrna Beach, Page Field

Eleuthera, New Smyrna Beach, Page Field

Andros Central, Cape Canaveral, Page Field

Andros Central, New Smyrna Beach, Page Field

Cape Canaveral, Eleuthera, Jupiter

Cape Canaveral, Grand Bahama, Jupiter

Eleuthera, Jupiter, New Smyrna Beach

Grand Bahama, Jupiter, New Smyrna Beach

Grand Bahama, New Smyrna Beach, Page Field

Cape Canaveral, Grand Bahama, Page Field

Cape Canaveral, Eleuthera, Page Field

Cape Canaveral, Page Field, San Salvador

Eleuthera, New Smyrna Beach, Page Field

New Smyrna Beach, Page Field, San Salvador

Andros Central, Cape Canaveral, Page Field

Andros Central, New Smyrna Beach, Page Field

San Salvador, Jupiter, New Smyrna Beach

Eleuthera, Jupiter, New Smyrna Beach

Suggested Combination of Stations

7.99

8.39

8.41

9.13

9.19

9.36

9.48

9.76

I0.67

II.51

8.19

8.33

8. 36

8.63

8.71

9.18

9. Z9

9.44

9.45

9.53

8.51

8.53

8.74

8.84

8.86

8.99

9.19

9.49

9.61

9.66
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Table 4-10 (Continued)

Time

217 sec Stations
Equivalent

Radius (meters)

1

Z

3

4

5

6

7

8

9

10

Grand Bahama, New Smyrna, Page Field

Cape Canaveral, Grand Bahama, Page Field

Eleuthera, New Smyrna Beach, Page Field

Cape Canaveral, Eleuthera, Page Field

Cape Canaveral, Page Field, San Salvador

New Smyrna Beach, Page Field, San Salvador

Andros Central, Cape Canaveral, Page Field

Andros Central, New Smyrna Beach, Page Field

Eleuthera, Jupiter, New Smyrna Beach

Grand Bahama, Jupiter, New Smyrna Beach

8.73

8.87

9. O8

9. O8

9.24

9.27

9.65

9.8Z

9.9O

9.93

T im e

Z37 sec

1

Z

3

4

5

6

7

8

9

I0

Grand Bahama, New Smyrna Beach, Page Field

Cape Canaveral, Grand Bahama, Page Field

Eleuthera, New Smyrna Beach, Page Field

Cape Canaveral, Eleuthera, Page Field

New Smyrna Beach, Page Field, San Salvador

Cape Canaveral, Page Field, San Salvador

Andros Central, Cape Canaveral, Page Field

Andros Central, New Smyrna, Page Field

Eleuthera, Jupiter, New Smyrna Beach

Jupiter, New Smyrna Beach, San Salvador

9.07

9.31

9.36

9.45

9.63

9.68

10.18

I0. Z6

10.30

10.42

Time

Z57 sec

1

2

3

4

5

6

7

8

9

I0

Grand Bahama, New Smyrna, Page Field

Eleuthera, New Smyrna Beach, Page Field

Cape Canaveral, Eleuthera, Page Field

Cap Canaveral, Grand Bahama, Page Field

New Smyrna, Page Field, San Salvador

Cape Canaveral, Page Field, San Salvador

Mayaguana, New Smyrna Beach, Page Field

Cape Canaveral, Mayaguana, Page Field

Andros Central, Cape Canaveral, San Salvador

Andros Central, New Smyrna Beach, San Salvador

Suggested Combination of Stations

9.55

9.57

9.73

9.87

9.88

10. O0

I0.15

10. Z3

10.59
10.61
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Table 4-10 (Continued)

Time

277 sec Stations
Equivalent

Radius (meters)

1

2

3

4

5

6

7

8

9

l0

Eleuthera, New Smyrna Beach, Page Field

Cape Canaveral, Eleuthera, Page Field

New Smyrna Beach, Page Field, San Salvador

Grand Bahama, New Smyrna Beach, Page Field

Cape Canaveral, Page Field, San Salvador

Mayaguana, New Smyrna, Page Field

Andros Central, New Smyrna Beach, San Salvador

Andros Central, Cape Canaveral, San Salvador

Andros Central, Eleuthera, New Smyrna Beach

Cape Canaveral, Grand Bahama, Page Field

9.79

10.00

10. 13

10. 18

10. 30

10. 44

10. 53

10. 55

10. 57

10. 58

Time

297 sec

1

2

3

4

5

6

7

8

9

I0

Eleuthera, New Smyrna Beach, Page Field

New Smyrna Beach, Page Field, San Salvador

Cape Canaveral,

Andros Central,

Andros Central,

Andros Central,

Andros Central,

Cape Canaveral,

Andros Central,

Andros Central,

Eleuthera, Page Field

New Smyrna Beach, San Salvador

Grand Turk, New Smyrna Beach

Cape Canaveral, San Salvador

Eleuthera, New Smyrna Beach

Page Field, San Salvador

Cape Canaveral, Grand Turk

Cape Canaveral, Eleuthera

I0.33

I0.62

I0.63

I0.70

10.77

I0.81

I0.85

I0.88

I0.88

I0.94

T im e

317 sec

1

2

3

4

5

6

7

8

9

10

Andros Central, New Smyrna Beach, San Salvador

Eleuthera, New Smyrna Beach, Page Field

Andros Central, Cape Canaveral, San Salvador

Andros Central, Eleuthera, New Smyrna Beach

Andros Central, Grand Turk, New Smyrna

Andros Central, Cape Canaveral, Eleuthera

New Smyrna Beach, Page Field, San Salvador

Andros Central, Cape Canaveral, Grand Turk

Cape Canaveral, Eleuthera, Page Field

Andros Central, Grand Bahama, Grand Turk

_:_ Suggested Combination of Stations

I0.

10.

10.

I0.

I0.

I0.

I0.

I0.

I0.

II.

55

55

68

71

72

82

83

86

88

08
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Table 4-I0 (Continued)

Time

337 sec Stations

Equivalent

Radius (meters)

1

2

3

4

5

6

7

8

9

I0

Andros Central, New Smyrna Beach, San Salvador

Andros Central, Cape Canaveral, San Salvador

Andros Central, Grand Turk, New Smyrna Beach

Andros Central, Cape Canaveral, Grand Turk

Eleuthera, New Smyrna Beach, Page Field

Andros Central, Eleuthera, New Smyrna Beach

New Smyrna Beach, Page Field, San Salvador

Andros Central, Cape Canaveral, Eleuthera

Andros Central, Mayaguana, New Smyrna Beach

Andros Central, Grand Bahama, Grand Turk

10.78

I0.95

10.96

11.14

II. 19

II. 20

ll. Z4

11.35

11.37

II. 50

Time

357 sec

I

2

3

4

5

6

7

8

9

I0

Andros Central, New Smyrna Beach, San Salvador

Andros Central, Grand Turk, New Smyrna Beach

Andros Central, Cape Canaveral, San Salvador

Andros Central, Cape Canaveral, Grand Turk

New Smyrna Beach, Page Field, San Salvador

Andros Central, Mayaguana, New Smyrna Beach

Andros Central, Cape Canaveral, Mayaguana

Andros Central, Eleuthera, New Smyrna Beach

Andros Central, Grand Bahama, Grand Turk

Eleuthera, New Smyrna Beach, Page Field

II.

II.

II.

II.

Ii.

II.

II.

Ii.

ii.

12.

II

Z5

32

47

68
68

9Z

93

99

00

Time

377 sec

1

2

3

4

5

6
7

8

9
I0

Andros Central, New Smyrna Beach, San Salvador

Andros Central, Cape Canaveral, San Salvador

Andros Central, Grand Turk, New Smyrna Beach

Andros Central, Cape Canaveral, Grand Turk

Andros Central, Mayaguana, New Smyrna Beach

New Smyrna Beach, Page Field, San Salvador

Andros Central, Cape Canaveral, Mayaguana

Andros Central, Grand Bahama, Grand Turk

Andros Central, Grand Bahama, San Salvador

Cape Canaveral, Page Field, San Salvador

Suggested Combination of Stations

11.08

11.30

11.31

11.55

11.70

11.82

11.96

IZ. 05

IZ. IZ

12. Z4
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Table 4-10 (Continued)

Time

397 sec Stations
Equivalent

Radius (meters)

4

5

6

7

8

9

10

Andros Central, Grand Turk, New Smyrna Beach

Andros Central, New Smyrna Beach, San Salvador

Andros Central, Cape Canaveral, San Salvador

Andros Central, Cape Canaveral, Grand Turk

Andros Central, Mayaguana, New Smyrna Beach

Andros Central, Cape Canaveral, New Smyrna Beach

New Smyrna Beach, Page Field, San Salvador

Mayaguana, New Smyrna Beach, Page Field

Andros Central, Grand Bahama, Grand Turk

Grand Turk, New Smyrna Beach, Page Field

11.75

11.76

12.02

12.03

12.21

12. 51

12.52

12.52

12.77

IZ. 99

* Suggested Combination of Stations
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Table 4- I I

VELOCITY AND POSITION DATA FOR SUGGESTED

COMBINATIONS OF STATIONS

Time 157 sec

Missile hAT. = 28.4°;LONG. = 80.0°; Alt.

Stations: Cape Canaveral, Grand Bahama,

EX = 13.3 m/sec

EY = 5.73

EZ= 6.72

AX = -16.8 °

AY =76.0

AZ = 64.0

= 61.0 km

Page Field

ELX = 51.5 °

ELY = 28.9

ELZ = 60.6

EX = I. 07 m/sec AX = -40. 5 ° ELX = 23.3 °

EY = . 411 AX = 46. I ELY = 7.91

EZ = . 472 AZ = -61.3 ELZ = 65.3

GDOP

VDOP

Time 177 sec

Missile LAT. = 28.3°;LONG. = 79.7°;Alt. = 79.5 km

Stations: Cape Canaveral, Grand Bahama, Page Field

EX = 14.5 m/sec AX = -14. 3°

EY = 5.63 AY = 76.4

EZ = 6.75 AZ = 72. Z

ELX = I. 57 °

ELY = 24.0

ELZ = 65.9

EX = I. II m/sec AX = -41.5 ° ELX = 23.4 °

EY = .403 AY = 44. 5 ELY = 9. 17

EZ = .474 AZ = -65.3 ELZ = 64.7

GDOP

VDOP

Time 197 sec

Missile LAT. = 28. Z °; LONG. = 79. 3 °; Alt. = 96.3 km

Stations: Cape Canaveral, Grand Bahama, Page Field

EX = 16.6 m/sec

EY = 5.51

EZ = 6.8O

AX = -II. 8°

AY =77.3

AZ= 81.8

ELX = I.76 °

ELY = 26.2

ELZ = 63.7

EX =

EY =

EZ =

AX =

AY =

AZ =

ELX =

ELY =

ELZ =

GDOP

VDOP
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Table 4-11 (Continued)

Time ZI7 sec

Missile LAT. = Z8.10; LONG. = 78.9°; Alt. = 111.6 km

Stations: Gape Canaveral, Grand Bahama, Page Field

EX = 18.6 m/sec

EY = 5.35

EZ = 7.01

AX = -10.7*

AY = 76.5

AZ = 86.8

ELX : 4. 60"

ELY = 31. I

ELZ = 58.5

EX = 1.37 m/sec

EY =. 388

EZ =. 499

AX = -45.8 °

AY = 47.4

AZ = -19.9

ELX = 19.9"

ELY = 8.82

ELZ = 68. Z

GDOP

VDOP

Time 237 sec

Missile LAT. = 27.9°; LONG. = 78.4";Alt. = 125.4 km

Stations: Cape Canaveral, Grand Bahama, Page Field

EX = Z0.8 m/sec

EY = 5.10

EZ = 7.60

AX = -I0.3 °

AY =75.2

AZ = -88.3

ELX = 7.44 °

ELY = 31.0

ELZ = 57.9

EX = 1.51 m/sec AX = -48.6 ° ELX = 19. Z°

EY = .376 AY = 47.8 ELY = 17.7

EZ = .550 AZ = -Z. 64 ELZ = 63.6

GDOP

VDOP

Time 257 sec

Missile LAT. = 27.8"; LONG. = 78.0;Alt. = 137.8 km

Stations: Cape Canaveral, Grand Bahama, Page Field

EX = 23. I m/sec

EY = 4.85

EZ = 8.58

AX = - I0.3 °

AY = 75.0

AZ = -86.4

ELX = 8. 17"

ELY = Z9.5

ELZ = 59.2

EX = 1.67 m/sec
EY = .363

EZ =. 6Z9

AX = -51.3 °

AY = -47.4

AZ= 3.15

ELX = 19.3"

ELY = Z3.3

ELZ = 59.0

GDOP

VDOP
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Table 4-II (Continued)

Time 277 see

Missile LAT. ?7.7 °; LONG. 77.6 °; Alt. 148.8 km

Stations: Andros Central, Cape Canaveral, San Salvador

EX = 31.9 m/sec

EY = 5.24

EZ = 7.03

AX = -13.9 °

AY = 80.3

AZ = 74.3

ELX = Z. 74 °

ELY = 56.8

ELZ = 33.0

EX = 2.32 m/sec AX = -50.6*

EY = .364 AY = -55.9

EZ = .532 AZ = 36.8

ELX = 44. 1°

ELY = 45.8

ELZ = 2.64

GDOP

VDOP

Time 297 sec

Missile LAT. = 27.7°; LONG. = 77.0; Alt. = 158.5 km

Stations: Andros Central, Cape Canaveral, San Salvador

EX = 35.2 m/see AX = -I0.5 ° ELX = .377 °

EY = 5.44 AY = 80.5 ELY = 68. 3

EZ = 6. 59 AZ = 79.4 ELZ = 21.7

EX = 2. 59 mlsec AX = -50. 2 ° ELX = 41.4 °

EY = .379 AY = -60.2 ELY = 48. 1

EZ = .504 AZ = 35. 5 ELZ = 4.93

GDOP

VDOP

Time 317 sec

Missile LAT. = 27.4 °; LONG. = 76. 5 °; Aft. = 166.9 km

Stations: Andros Central, Cape Canaveral, San Salvador

EX = 34.2 m/sec

EY = 5.59

EZ = 6.36

AX = -9.34 °

AY = 86.0

AZ= 80.4

ELX = I0.9 °

ELY = 78.4

ELZ = II. 5

EX = Z. 49 m/sec

EY = . 393

EZ = . 489

AX = -43.2

AY = -50.5

AZ = 43. 8

ELX = 39. Z

ELY = 50.6

ELZ = 3.61

GDOP

VDOP
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Table 4- 11 (Continued)

Time 337 sec

Missile LAT. = Z7.3°; LONG. = 75.9°;Alt. = 174.1 km

Stations: Andros Central, Cape Canaveral, San Salvador

EX = 37.0 m/sec AX = -7.40" ELX = 30.7"

EY = 5.63 AY = 81.6 ELY = 73.5

EZ = 6. Z9 AZ = 82.7 ELZ = 16.5

EX = Z.7Z m/sec AX = -48.8 ° ELX = 36.9 °

EY = .415 AY = -55.5 ELY = 5Z. 9

EZ = .476 AZ = 38.8 ELZ = 3Z. 1

GDOP

VDOP

Time 357 sec

EX = 40.6 m/sec AX = -5.91" ELX = .396"

EY = 5.48 AY = 84.6 ELY = 54. I

EZ - 6.52 AZ = 83.8 ELZ = 35.9

EX = 3.02 m/sec AX = -50.0 ° ELX = 34. 5°

EY = .443 AY = -60. Z ELY = 55.0

EZ = .469 AZ = 36.8 ELZ - 47.0

GDOP

VDOP

Time 377 sec

Missile LAT. = 26.8 °; LONG. = 74.8 °; Alt. = 185.3 km

Stations: Andros Central, Cape Canaveral, San Salvador

EX = 39.9 m/sec

EY = 5.36

EZ = 6.74

AX = -5.84 °

AY = 8Z. 9

AZ = 85.8

ELX : I. 45"

ELY = 42. I

ELZ = 47.9

EX = Z. 93 m/sec

EY = .454

EZ = .486

AX = -50.3 °

AY = 34.3

AZ = -68.8

ELX = 3Z. 4"

ELY - 83.7

ELZ - 56.4

GDOP

VDOP
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Table 4-1 1 (Continued)

Time 397 sec

Missile LAT. = 26.7°; LONG. = 74.1°; Aft. = 189.4km

Stations: Andros Central, Cape Canaveral, San Salvador

EX = 46. Z m/sec

EY = 5.10

EZ = 7.38

AX = -4.56 °

AY = 85.5

AZ = 85.3

ELX = . 126 °

ELY = 36.2

ELZ = 53.8

EX = 3.48

EY = .446

EZ = .553

AX = -53. l

AY = 40.0

AZ = -41.4

ELX = 31.0

ELY = 5. Zl

ELZ : 58.4

GDOP

VDOP
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If New Smyrna and Page Field are to be used, additional antennas

must be mounted on the missile, since they are outside the wave

pattern for an antenna mounted to point down range with a half-angle

of 70 ° . There is no "loss of acquisition" problem. Once the antenna

pattern has been aligned to include a station, the station will remain

in the pattern until the spacecraft goes over the horizon.

o

Evaluation for Trajectory with 72 Bearin_ An_le - The data presented

are taken from points along a 72 ° trajectory and represent the best

available at the specified points with available tracking stations. Three

potential transponder sites on Bermuda were assumed and, where the

trajectory was not covered by _round stations, ships were used. Trajectory

points wer_ chosen at specified intervals where usable information was

available.

The accuracy with which the ships can be located is of great importance

in the error calculations. The error in the location of a tracking ship

was assumed to be 200 meters in the horizontal direction and 30 meters

in the vertical direction. Although the 200 meters may be an optimistic

figure, the small amount of material readily available indicates that

an advanced photogrammetric surveying method may provide this accuracy.

The suggested combination of stations for each trajectory point was selected

as that having the least positional error. Table 4-12 lists the suggested

combinations and the semi-axes and angular orientations of their elliptic

position and velocity error volumes.

Inspection of Table 4-12 reveals that positional errors are primarily

dependent upon the accuracy of station location and velocity errors are

primarily dependent upon the triangulation geometry. If positional

accuracy is of prime importance, therefore, three ground stations such

as these assumed to exist on Bermuda, might be used. If, however,

velocity accuracy is paramount, the use of tracking ships may be desireable.
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'£able 4- 1Z

GDOP AND VDOP OF STATION COMBINATIONS

72 Degree Trajectory
200 KM Circular Orbits

Time 179 sec

Missile LAT. = 31.45; LONG. = 66. 97; ALT.

Stations: Three Stations on Bermuda

Error Volume Radius = 93. 6

= 214,748 meters

EX = 868 meters

EY =4.18

EZ = 227

AX =65.4 _

AY = -17. 9

AZ = 77. 6

ELX = 47. 6"

ELY = 6.09

ELZ = 41.7

EX = 274 m/sec

EY = . 370

EZ = 58. 2

AX = -21.40

AY =45.35

AZ = -83. 02

ELX = 28. 7

ELY = 35.7

ELZ = 40.8

Time 199 sec

Missile LAT. = 31.7; LONG. = 65. 4; ALT.

Stations: Three Stations on Bermuda

Error Volume Radius = 69. 5

= 218, 300

EX = 659 meters

EY =4.17

EZ = 123

AX = 77. (} °

AY =9.94

AZ = -71 . 9

ELX = 56.9 o

ELY = 14.2

ELZ = 29. 1

EX = 129 m/sec

EY = • 528

EZ = 30. 9

AX = 76. 0

AY =46.5

AZ :-_1.7

ELX = 48. 7

ELY = 37. 4

ELZ = 14.9

Tin,e 219 sec

Missile LAT. = 31. 9; LONG. = 63. 8; AI,T.

Stations: Three Stations on Bern_uda

Error Volume Radius = 71. 4

= 222,228

EX = 715 meters

EY =4.15

EZ = [23

AX : -85.7 °

AY = 48.9

27 .... _4.7

ELX = 63. 5 °

ELY : 19. 3

ELZ : 17.4

EX = 250 n_/sec

EY = .931

EZ : 9.42

AX = -64. 6

AY = 44.

AZ = -.Zll

EI,X = 2_. 9

EI,Y : 36. 2

E!JZ :46.5

GDOP

VDOP

GDOP

VDOP

GDOP

V DO P
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Table 4- 1 Z (Continued)

Time 239 sec

Missile LAT. = 3Z. I ; LONG. = 6Z. 3; ALT.

Stations: Three Stations on Bermuda

Error Volume Radius = 97. Z

= ZZ6,527

EX = 1060 meters

EY =4.19

EZ = 209

AX = -62. I°

AY =76.2

AZ = -9.06

ELX = 66.9

ELY = 17.7

ELZ = 14.4

EX = 556 m/sec

EY = •608

EZ =18.1

AX = -56. 1

AY = 44.3

AZ = 14.7

ELX = 14.6

ELY = 34.5

ELZ = 51.3

Time 159 sec

Missile LAT. = 31.2; LONG. = 68.5; ALT.

Stations: Bermuda, Grand Bahama, Ship 97

Error Volume Radius: ?7.7

= ZZl, 573

EX = 294 meters

EY =5.59

EZ =IZ. 9

AX = 57.0*

AY = -49.6

AZ = 28. Z

ELX = 46.3 °

ELY = 14.8

ELZ = 40. Z

EX = 8.45 m/sec

EY = . 376

EZ =2.42

AX = 41. 9*

AY = -59.7

AZ = -23. Z

ELX = 18.0 °

ELY = 31.9

ELZ = 52.3

Time 259 sec

Missile LAT. = 32.3; LONG.

Stations: Bermuda, Ship 96,

Error Volume Radius: 42.4

= 60.7; ALT = 231,196

Ship 97

EX = 281.6 meters

EY = 7.22

EZ = 37.6

AX = -. 182"

AY =89.4

AZ = -84.4

ALX = I. 60"

ELY = 15.4

ELZ = 74.5

EX = 4.46 m/sec

EY = I. 72

EZ = 2.66

AX =36.5 °

AY = -53.8

AZ =29.8

ELX = 12.3*

ELY = 1.42

ELZ = 77.6

GDOP

VDOP

GDOP

VDOP

GDOP

VDOP
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Table 4- IZ (Continued)

Time 319 sec

Missile LAT. = 32.6; LONG. = 56.0; ALT.

Stations: Bermuda, Ship 96, Ship 97

Error Volume Radius: 55. 3

= 247,381 meters

EX = 326 meters

EY =7.32

EZ =71.1

AX = 19. 3 °

AY = -73. 3

AZ = -22. 5

ELX = 12.8 °

ELY = II.0

ELZ = 73.0

GDOP

EX = 5.26 m/sec

EY = 1.22

EZ = 1.86

AX = 8.0Z °

AY =15.6

AZ = -79.8

ELX = 32. 1 °

ELY = 57.6

ELZ = 3.45

VDOP

The use of three ships, 96, 97, 98, at this point gives:

Time 319 sec

Missile LAT. = 32.6; LONG. = 56.0; ALT.

Stations: Ship 96, Ship 97, Ship 98

Error Volume Radius: 141.6

= 247,381

EX = 320 meters

EY =61.1

EZ = 145

AX =26.7 °

AY =51.7

AZ = -62. 3

ELX = 11.4 °

ELY = 77.4

ELZ =5.18

GDOP

EX = 13.4m/sec

EY =1.11

EZ = 2.62

AX = -37. 3 °

AY =39.9

AZ =72.8

ELX = 16.7 °

ELY = 36.3

ELZ = 48.9

VDOP

The locations of the tracking ships aad of the stations on Bermuda are as

follow s:

Ship96 LAT. = 30. 83
LONG. = 56.17

Ship 97 LAT. = 28. 3
LONG. = 6O. 17

Ship 98 I,AT. = 26.0

LONG. : 50.0

4-84



Table 4- 12 {Continued)

Bermuda 1

Bermuda 2

Bermuda 3

LAT. = 32.25

LONG. = 64.90

LAT. = 32.27

LONG. = 64.78

LAT. = 32.33

LONG. = 64.70
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4. 1.3.3 Extension of AROD Concept to Deep Space Applications 15 A pre-

liminary analysis was performed to determine the application of Lhe

AROD concept 16 and design requirements to deep space spacecraft

tracking, particularly for lunar and Mars missions. The effects of

propagation from the earth into extraterrestrial regions were inter-

preted in terms of the existing system design parameters. Range

extension and baseline limitations were considered for earth-based

and space-based transponder stations.

Ionospheric and Atmospheric Effects. Consideration of the propagation

effects in the ionosphere and lower atmosphere is sufficient for deep

space applications of the AROD System. In addition to a decrease in

the velocity of propagation of a signal in both regions, the most promi-

nent effects which occur in the ionosphere and lower atmosphere are

absorptive attenuation and refraction.

Absorption in the D and Fz layers of theionospheredepends on the

wave frequency relative to the plasma frequency. At frequencies as

high as Z. 2 GHz, the attenuation caused by ionospheric absorption is

negligible. The absorptive attenuation in the atmospheric gases

(oxygen and water vapor) is less than 0. 01 db/km at Z. Z GHz. The

total absorption loss is estimated not to exceed I db at 2.2 GHz, the

approximate AROD tracking frequency.

The ionosphere consists of inhomogeneous stratified layers of

ionization. The ion density and its vertical distribution varies with

time of day, phase of the moon, season of the year, latitude and

longitude, sunspot cycle, solar activity, and meteor showers. Be-

cause of these variations, the propagation effects related to refraction

range over several orders of magnitude.

Neglecting the earth's magnetic field, index of refraction, n, in the

ionosphere is given by

n z= 1 - (fp/f)z (4. 1-10Z)

where f = plasma frequency which is proportional to the square root

of the e_ectron desnity and f = the signal frequency. The index of

refraction depends on the wave frequency and the medium is dispersive.

The signal velocity or group velocity, u, in the ionosphere is given by

U = nc (4. 1-103)
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where c is the speed of light. Since n < l, u < c. The phase velocity,

Vp, which is the velocity of propagation of a plane of constant phase, is

given by

Vp = c/n , {4.1-104)

and, since n < I, Vp > c.

The curvature of the ionosphere causes it to act as a divergent lens for

signals incident on its top side. The result is a reduction in flux density

at the earth's surface. The curvature of the ionosphere also results in

a prism-like effect, bending waves toward the earth, at times permitting

the detection of sources which are below the horizon.

A signal travels with the group velocity (i. e., the rate of transfer of

energy) and, consequently, the velocity of propagation of the signal is

less than the free space velocity of light, c. In the lower atmosphere,

the group velocity is given by

u = c/n (4. 1-105)

and n < I. As a result, bending of radio frequency signals increases

the apparent elevation angle of a space vehicle. The frequency above

which refraction in the lower atmosphere is more important than

ionosphereic refraction is of the order of 1 GHz.

Taking into account the earth's magnetic field, the ionosphere becomes

a doubly refracting medium. In such a medium, there are two modes

of propagation with different group and phase velocities and different

polarizations. A wave emerging from such a medium will have a

distinctive polarization. For propagation along the magnetic field, the

index of refraction is given by

f z

n 2 = I P {4. I-I06)

f2 + ffh

where fh = the electron gyro-frequency corresponding to the magnetic

field strength.

For wave frequencies well above fh {as is the case at 2.2 GHz) and

propagation along H, the two modes will be circularly polarized in

opposite senses. The combination of a right-hand and left-hand

rotating vector gives a fixed vector corresponding to a plane-polarized

wave. Since n is different for the two waves, they travel with slightly
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different speeds. The result is that the plane-polarized (combination)

wave rotates its plane of polarization as it travels through the iono-

sphere. This is commonly referred to as Faraday rotation. The

Faraday effect is highly variable with ionospheric conditions and

direction. Even at a frequency of 1 GHz, a complete rotation of the

plane of polarization is possible under the worst conditions. Such

rotation produces intensity fading at a polarization sensitive antenna.

The values of n depend upon the direction of the magnetic field relative

to the directions of propagation so that the medium is no longer isotropic.

The doppler shift caused by the relative motion of the source and re-

ceiver is slightly altered from the free-space value because of this

nonisotropy of the index of refraction throughout the ionosphere.

The attenuation caused by scattering or irregular refraction in inhomo-

geneities in the F z layer (the cause of twinkling of "radio stars") is

proportional to f-z. The energy loss at frequencies as high as 2.2 GHz

is, therefore, negligible.

Geometric Considerations. The position of earth-based transponders

is a significant factor in determining the accuracy of tracking. The

accuracies with which the tracking stations are located on the surface

of the earth, the positions of the tracking stations relative to the tra-

jectory, and the distances of the stations from one another influence

the positional errors. Based on a study of existing and proposed

surveying methods a, the best possible estimate of the accuracy of

locating earth-based transponders is three meters.

Partial differentiation of the range equation yields

rl _rl-rz Arz = (xz - xl) _x+ (yz - Yl) _Y + (zz - zl) Z_z

(4. 1-107}

where x, y, and z are the coordinates of the vehicle position and r is

the range. This shows that minimum errors are obtained when trans-

ponders are located at the vertices of an equilateral triangle. The

best triangulation and, consequently, the smallest error is consistent

with the range vector intersecting the center of theequlateral triangle

in the direction of one of the coordinate axes.

For a fixed altitude, the error is a function of the baseline, or

distance between stations. The maximum baseline is obtained when

the line-of-sight is five (5) degrees above the horizon.
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The baseline is determined from the equation,

R e + h R e

sin 95 ° sin a '
(4. I-I08)

where R e = radius of earth,

h = altitude of space vehicle and

= angle between radius vector and line of sight.

Fron_ (4. 1-108),

(Re sin95°)= sin-1 \ ke_ h " (4. 1-109)

If R is the radius of the circle formed by the intersection of the line of

sight with the earth,

R = sin (85 ° - _) R e (4. 1-110)

The perimeter, p, of any inscribed polygon with radius, r, is

p = Z nr sin (_) (4. 1-111)

where n is the number of sides.

The length of each side, A, of an equilateral triangle determined by
the transponder stations is, therefore,

A = 43-U (4. l_llZ)

The maximum distance, A, between transponders for various altitudes

is shown in Figure 4-29.

The conditions determining station density are the requirements for

continuous tracking, maximum possible baseline, and minimum

number of stations. To analyze the station density necessary, the

following assumptions will be made:

, Any vehicle designed for space travel will be launched so that

the trajectory is approximately in the ecliptic plane (i. e., the

plane in which the orbit of the earth lies).

Three stations will be placed on the vertices of an equilateral

triangle based on the earth giving equal baseline distances.
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The plane containing any three nearest transponder sites will be per-

pendicular to the vector from the center of the earth to the vehicle.

Referring to Figure 4-30, the radius, R, of the circle containing the

sites can be determined. From the sine law, the following relations

l_old if a minimum elevation angle of 5 degrees for line of sight is

impo s e d.

Ri ri r
m

sin a sin _ sin 95 °
(4. I-I13)

and

R = R e sin _ . (4. 1-114)

Combination of (4. 1-113) and (4. 1-114) results in

r i
R = R e -- sin 95 ° (4. 1-115)

r

This represents the maximum radius of the circle containing the

transponder sites.

The baseline distance between any two sites can be determined if any

three sites form an equilateraltriangle. In the projection shown in

Figure 4-31, A is given by

R - 45R (4.1-116)
A - tan 30 °

If the latitude and longitude of the sites are known such that

R1 = R e cos ),1 cos _1 i+ R e cos ),l sin _l j + R e sin ki k (4.1-117)

and

Re = R e cos kz cos _z i + R e cos Xz sin _l j + Re sin kz_ (4.1-118)

where kl and kl are the latitudes and _1 and _z are the longitudes of

sites 1 and 2, respectiveiy, the chord length is

IR1- Ril = R e [(cos kl cos _: - cos kz cos _z) _

+ (cos k'1 sin_l - cos kz sin _z) z

I

+ (sin kl - sin kz)2] g (4. 1-119)
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Figure 4- 30. Projection of the Location Vectors of the Vehicle

from the Center of the Earth and the Tracking

Site
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Figure 4-31. Equilateral Triangle Formed by the Tracking

Sites Inside the Circle of View
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If the condition of continuous tracking is imposed upon the system, the

basline must contract. The vehicle must observe three stations at a

time; as one station moves out of the circle, K, another station must

move into this circle. A suggested arrangement is shown in Figure

4-32 where station 1 is movingf_om view and station 4 is moving into

view because of the rotation of the earth.

The reiative rotation between the vehicle and earth will not affect the

location of the sites, only the rate of motion of the sites across the

circle of view.

The conditions imposed on the sites are

R1 -R31 = IR1 - zl = IRz- R3I = IRz- R4[ = IR3-R41 and

R1 - 841 =2R (4.1-120)

For simplicity, the vehicle's location vector is considered passing

through the equator. In Figure 4-33, therefore, kl = kz • The chords

between stations 1 and 3 and stations g and 4 are equal. Therefore,

R e cos kl (_xl - V3) = R e cos Xz (_Xz - _t4) (4. 1-1Zl)

and if kl = -kz,

_l - bL_ = _z - _4 (4. 1-122)

The equation for the chord between stations 1 and 4 becomes

I R1 - R4] = R e [cos z k (cos _xl - cos _x4) z + cos 2 X (sin _xl - sin M4) z

1

+ 4 sin z k] z :: ZR (4. 1-123)

From the relations of an equilateral triangle,

k = sin-l R/Z R e (4.1_124)

which represents the half-angle width of the observing belt as

measured from the center of the earth as shown in Figure 4-33.

Tile new equilateral triangle formed by stations in the belt is shown in

Figure 4- 34.
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Figure 4-34. Triangulation Geometry for Continuous Coverage
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The chord distance between stations is given by

A' =ZR/ f3=ZA/3 {4. 1-1Z5)

Thus the longitude difference between stations 1 and 2 and stations 2

and 3 is given by

A_ = _z - _I = sin -I R/_/3 R e cos k (4. 1-126)

The number of stations required for complete tracking is found by

360 °
N - (4. 1-127)

A_

A plot of N versus distance of vehicle from the center of the earth is

shown in Figure 4-35.

The rotation axis of the earth is inclined at an angle of Z3. 5 degrees to

the normal of the ecliptic plane. The previous discussion is directly

applicable when the vehicle is along the vernal equinox. As the vehicle

moves off the vernal equinox, consideration must be given to the angle

between the ecliptic plane and the earth's axis. The effect is to shift

the center of the observing belt through an angle of +Z3. 5 degrees. A

more complete analysis must consider the spin of the earth and its

rotation about the sun.

The effect of continuous coverage with a minimum number of stations

is to reduce the maximum baseline by a factor of two-thirds.

A minimum energy trajectory from earth to Mars will require a

launch prior to, and intercept after, an opposition. Such oppositions

occur every two and one-third years with an average distance of

78.9 X 106 km between the planets. The minimum distance at oppo-

sition occurs when Mars is near its perihelion and has a period of 15

to 17 years. The next occurrence of this favorable opposition is

August, 1971, when the separation will be about 55. 5 X 106 kin.

Since intercept will occur beyond opposition, a probable maximum

range from earth to intercepting spacecraft is IZ8 X 106 kin. A

typical time of flight for such an intercept is 190 days. Such a tra-

jectory is shown in Figure 4-36. The approximate range to earth is

shown versus time after launch in Figure 4-37.
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For the deep space missions, the transponder baselines could be

extended by using extraterrestrial transponder locations. The two

most obvious locations are on the moon and space stations in syn-

chronous orbits. It has been pointed out that the accuracy in locating

transponders has a great influence on the accuracy of the system. It

would not be possible to locate extraterrestrial sites with the accuracy

of earth based sites. Further, the moon-based transponders (and

probably the transponders on space stations) would have a constant

motion relative to the earth that would require correction by the vehicle

computer. It will be shown that the small theoretical advantages

offered by extraterrestrial sites would be more than offset by practical
considerations.

Geometric Errors. The range errors encountered in the AROD deep

space missions are only those caused by propagation effects in the

ionosphere and lower atmosphere. These errors have been investi-

gated in detail by Counter and Keidel l_ and summarized by Valakos z.

Observations of a 500 km high satellite on the horizon will yield range
deviations on the order of 100 meters at 1 GHz. An observation at

the zenith will have a deviation on the order of 10 to 30 meters at

1 GHz 18. It seems imperative that the vehicle computer should have

the capability of applying standard corrections based on a model total

atmosphere and elevation angle.

Counter and Reidel have investigated the range errors caused by

propagation effects in the total atmosphere for 1 GHz and an 1850 km

circular orbit. They have plotted, as a function of elevation angle,

the following quantities; the expected range deviation (Figure 4-38), a

standard correction (Figure 4-39), and the standard error remaining

after applying the standard correction (Figure 4-40). Using these

results, Valakos has calculated the residual range errors, after a

standard correction, for 2 GHz (Figure 4-41). The standard error

drops from 5 meters at an elevation angle of 2 degrees to about 1

meter at an elevation angle of 90 degrees. These values should apply

to the AROD deep space mission.

The error variances deter_nine an error ellipsoid that contains the

spacecraft with a specified probability. The radius of an equivalent

spherical volume may be obtained by taking the determinant of the

covariant matrix of positional errors.

It is assumed that the errors in range from each station are given by

z_r i = 1.37+ l X I0-6 ri (4. 1-128)
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based upon the constant bias errors and the uncertainty in the velocity

of signal propagation in vacuo z. If Ar i is considered as statistically

independent, tile covariant matrix is obtained from

r i Ar i = (x - x i) (Ax - Axi) + (y - Yi) (Ay _ Ayi) + (z - zi) (Az - Az i)

(4. l-iZ9)

by a series of orthogonal transformations.

Based upon these assumptions concerning the errors in range and with

the optimum station locations as previously outlined, the radius of an

equivalent error volume as a function of altitude is shown in Figure

4-42. As may be seen in Figure 4-29, the maximum possible baseline

is approached at an altitude of about l0 earth radii, but at only 2 R e

the baseline is within 5 percent of maximum. Thus, the contributions

of an increased baseline are negligible at altitudes in excess of about

15, 000 km. Accuracy of transponder site location has been assumed

to be 5 meters.

At lower altitudes (such as for initial orbital flights), the errors in

range are dominated by the bias errors. At higher altitudes (above

1000 kin), the principal error is caused by the propagation velocity

uncertainty. The foregoing analysis assumed a total independence in

the range errors, but it must be considered that the portion caused by

propagation velocity is highly dependent. The uncertainty in propa-

gation velocity (assumed to be one part in l06) is exactly the same

along each path.

With the reduction of the random variation in the range errors, the

equivalent error volume radius would be greatly reduced. The exact

relationships have not been determined, but the best possible con-

ditions would be reached when all range error is neglected.

Figure 4-43 describes the equivalent spherical error volume radius

for the trajectory geometry of Figure 4-44. The two curves show

the upper and lower limits of the error radii as functions of the

distances to be encountered in the Mars missions. The maximum

value is computed on the same basis as the data shown in Figure 4-42,

while the minimum value neglects any range error. The correct

values will fall between these boundaries, probably very near the

lower limit.
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Figure 4-45 shows the equivalent spherical error volume radius for a

Mars mission using extraterrestrial transponders as shown in Figure

4-46. The space station and the moon are assumed to be in the plane

of the ecliptic, while the trajectory to Mars is assumed to be at IZ

degrees to this plane. This geon_ctry will vary over the estimated

190-day flight. Assumed location accuracies are 20 meters for the

space station and 200 meters for the moon site.

The upper boundary of Figure 4-45 assumes an independent range

error, while the lower boundary neglects all range error. A com-

parison of Figures 4-43 and 4-45 indicates that a relatively small

decrease in error would be realized by the use of extraterrestrial

stations. These stations, which would be difficult to establish, would

greatly complicate the onboard computer requirements.

A summary of the position errors is presented in Table 4-13. The

equivalent error angle indicates the error in pointing angle related to

the equivalent error radius at the corresponding range. The maximum

values are calculated using independent range errors and the minimum

values neglecting range errors. The true values probably occur near

the minimum values.

The error variances shown in Figures 4-42, 4-43, and 4-45 and

Table 4-13 correspond to a probability level of 20 percent. The chi-

squared distribution curve, Figure 4-47, may be used to determine

the error variances for any probability level. The proportionality

factor, K, corresponding to the desired probability is used to multiply

times the 20 percent probability (K = l) error variances.

Range Resolution. Range resolution differs from range error or

range uncertainty in that the latter is statistically dependent upon the

variance of many parameters while the former is expressible as a

definite function of frequency bandwidth and signal-to-noise density

ratio as given by

C
6r = i (4. 1-130)

4_ A f (ZE/No)Z

where 6r - range resolution,

Af _ frequency bandwidth and

E/N o - signal-to-noise density ratio.
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Figure 4-46.

\q
Geometry for Error Analysis on Mars Trajectory

with Earth and Extraterrestrial Transponders

Equivalent Error Equivalent Error

Volume Radius Angle

(meter s ) {r adian s )

Mininmm Maximum Minimum Maximum

Moon full range 1.0 x 10 z 8.0 x 103 5.2 x 10 -7 4.2 x 10 -5

midcourse 5.6 x 101 2.2 x 103 5.8 x 10 -7 Z.4 x 10 -5

earth-basedMars,

transponders

full range

midcour se

Mars, extra- full range

terrestrial
midcour se

transponders

6.0 x 10 3

2.8 x I0 _

1.5 x i0 s

3.5 xl07

1.2 x I0 -v

1.0 x I0 -7

9.4 x 10 -s

8.8 x 10 -8

2.3 x I0 -3

i.I xl0 "3

i3.Z x 10 -4

1.8x 10 -4

Table 4-13. Position Error for Lunar and Mars Missions
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Range resolution represents limitations in determination of the exact

range imposed by frequency bandwidth. It is the minimum change in

range which the system can detect. From equation (4. 1-130), it is

evident that range resolution is not a function of geometry except as it

affects the signal-to-noise density ratio as a function of range.

Velocity Errors. One of the inherent advantages of the AROD system

concept is the determination of a true vector velocity because of the

real time triangulation accomplished aboard the vehicle. The determi-

nation of position and the velocity vector from three range measure-

merits and three range rate measurements from different stations is

illustrated (Figure 4-48) in the following development.

Simultaneously, we have measurements of range and range rate of an

object from three stations located at the vertices of a triangle (they

are not colinear). From these six measurements and the position

coordinates of the radar stations; x i, Yi, zi {i = 1,2, 3), the coordinates

of the object position and its velocity vector may be determined.

The vehicle positions; x, y, z, are unknown but may be determined by

simultaneously solving three equations for range. In general, these

range equations stem from

1

r i = [(x - xi)Z+ {y - yi)Z+ (z - zi)e] _ (4. 1-t31)

where i = 1, 2, 3. This reduces to the system of three equations,

1 e e R lz + Re 2)
(xe - x]) x + (Yz - YJ) Y + (zz - zi) z = g (r, - re

(4. 1-13Za)

g Z

(X3 - Xl) X + (y3 - yl) y + (z3 - zl) z = (rl - r3 - R e 4- R/)

(4. 1-132b)

2 2

(x3 - xz) x + (y3 - Yz) Y + (z3 - zz) z = (r e - r3 _ Rze+ R3 e)

( 4. 1_132c)

where Ri e = xi z + yi e q zi g with i = 1,g, 3.

These equations are easily solved for x, y, and z. When the

coordinates of the vehicle are known, the directions of the, range

vectors and range rate vectors are also known.
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The range rate vectors are given by

i-i = i: i _
\Itit/

(4.1-133/

where i = I,Z, 3, and the velocity vector is the sum of the three range

rate vectors. Thus,

and

v = i-_+ 1"2+ 1"3 (4. 1-134)

v= (x-xl)+-- (x- x2)+-- (x- x3) i
r2 r3

+ (y - y])+-- (y- Yz)+-- (Y - y3) J
r2 r3

i'l i'2 1"3 ] -_"+ -- (z- z_)+-- (z- z2)+-- (_.- z3) k
r! r 2 r3

(4. 1 - 135)

The accuracy of a velocity vector measurement is influenced in

varying degrees by the following uncertainties:

I. The geodetic errors in the locations of the three stations.

. The errors associated with measurement of range and range

rate from a station.

o The geometrical relationship between the vehicle and the three

stations.

The accuracy of station location has been previously discussed and

estimates of the probable geodetic errors made for both earth-based

and extraterrestrial transponder sites.

The errors associated with the measurements of range and range

rate include those resultant from variations in the medium of propa-

gation. The effects of the lower atmosphere and ionosphere upon

range determination were previously discussed and are displayed in

terms of error functions in Nigures 4-38 through 4-41.
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The effects of the lower atmosphere and ionosphere upon the accuracy

of range rate measurements relate to the use of the doppler shift in

frequency. This shift in frequency, &f, is the result of the motion of

an observer relative to a space harmonic field. The rate of change of

phase, $, of the space harmonic field at a fixed time, to , for an ob-

server moving along the line of propagation may be written as

k (4. 1- 136)

where z is the coordinate along the line of propagation and k is the

wavelength in the medium of the observer. Uncertainty in the value of

k leads to uncertainty in _.. The velocity of the spacecraft may be

found fr oml'_

ko fd

v = 2 + AE r (z) (4. 1-137)

where

AE

k ° = free space wavelength of transmitted wave,

fd = measured doppler frequency and

r (z) = deviation of relative permittivity (at the spacecraft

location) from free space.

The error, Av, caused by the medium is found by subtracting the

velocity that would be obtained from free-space conditions (A e r = 0),

such that

ko fd Aer(Z) ko fd AEr
Av = = . (4. 1-138)

4 + Z aer(Z) 4

It has been shown 17 that, in the ionosphere,

z_e r = - (4. I- 139)

where fp is the plasma frequency and f is the transmitted frequency.

A typical fp maximum (F z layer) is 7 MHz. The maximum range rate

error because of this for a transmitted frequency of 2 GHz and a

maximum two-way doppler shift of 160 kHz is 0.07 m/sec. In the

ionosphere, the calculated error may be reduced by applying a

standard correction. For a spacecraft under or above the ionosphere,

the effect is negligible.
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The refraction of the signal caused by the medium of propagation is
a second source of range rate measurement error. The measured
range rate is assumed to be that of the spacecraft along the line of
sight. When, in reality, it is the projection of the line of sight range
rate on the line of propagation. The resultant residual error, after
a standard correction, has been estimated z as a function of elevation
angle of the transponder and altitude of the spacecraft. The maximum
error occurs for minimum elevation angle and altitude, the value being
about 0. 07 m/sec at a 5 degree elevation angle and 170 km altitude.
The error for 5 degrees elevation angle and 3700 km altitude decreases
to about 0. 03 rn/sec. The error would continue to decrease and ap-
proach zero as the spacecraft altitude increases since the line-of-sight
for all earth-bound stations become normal to the gradient of the
propagation medium and refraction ceases.

Results of recent AROD system studies 2 indicate that velocity error
increases with range at somewhat less than a linear rate and that it is
virtually independent of station location and range measurement errors.
Then, the vehicle velocity error is primarily dependent upon error in
range rate with the ground stations. Except for multipath, other small
propagation effects, and certain equipment functions; the error in
measurement of range rate is independent of range. Therefore, range
rate error should not increase significantly for space trajectories. The
determination of angular velocity components relative to the earth will
become more difficult at extreme ranges while the translational velocity
will experience very little degradation.

Power Considerations. Free-space attenuation is the single factor
with the greatest influence on the power requirements. An additional
factor which relates range and attenuation must be considered. Since
little empirical data are available on actual attenuation with range in
free-space, it is necessary to include a "fading" margin as a safety
factor. This safety factor will attempt to account for additional
attenuation due to solar plasma streams and other unknown factors,
particularly in the Mars range.

The one-way free-space attenuation is calculated from

attenuation {db) = 32.9 + 20 log10 r + 20 log10 f (4. 1-140)

where r is the range in kilometers and f is the frequency in MHz. The

losses at Z.2 GHz are shown in Figure 4-49. Because of spacecraft

load and antenna limitations, it appears that the down-link will deter-

mine the limitations of the AROD system. With a state-of-the-art
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receiver noise sensitivity of -155 dbm assumed, and if a narrow band

S/N of 13 db is desired, a -14Z dbm signal threshold is required.

The free-space attenuation for the lunar missions is approximately

ZIZ db. The atmospheric loss was previously estimated not to exceed

1 db. To these, a fading margin of 2 db is added, giving a total at-

tenuation of Zl5 db. For lunar missions, then, a power of 73 dbm

(Zl5 - 142) must be provided by the vehicle transmitter and the trans-

mitting and receiving antenna gains. Actually, since the free-space

attenuation varies as the square of the range, the time averaged power

required would be only one-fourth the maximum, 67 dbm.

The free-space attenuation at the probable intercept range to Mars

would be about 26Z db. With a 1 db atmospheric attenuation and a 5

db fading margin, an overall power of IZ6 dbm (268 - 14Z) must be

provided. At inidcourse, this value would be reduced to 1Z0 dbm.

At the quarter-point, the required value would be 114 dbm.

Antenna Considerations. The present design for AROD vehicle equip-

ment includes antennas for horizon-to-horizon coverage with 0 db

gain. This coverage is necessary for orbits at relatively low altitudes

where many different transponder stations are interrogated in short

periods of time. However, as the range between the vehicle and the

earth increases, the angle subtended by the horizons greatly decreases

(Figure 4-50).

For this consideration, a transmitting antenna with a parabolic

reflector is chosen. The gain, given by

G = 0. 54 /_d\i_| z
\ k/'

(4. l- 141)

is calculated from

gain (db) = 20 log10 f + 20 logi0 d - 4Z. 3 (4.1- 14z)

where f is the frequency in MHz and d is the aperture diameter in

meters. The illumination factor of 0. 54 is assumed. The beam

width (between half-power points), 0, is approximated by

2.1 X 10 4
0 _ (4. 1-143)

fd
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Figure 4-51 shows the diameter and beam width as functions of the

desired gain at Z. 2 GHz.

At an altitude of 5 earth radii (3. Z X 104 km), the horizon-to-horizon

angle is about 19 degrees. Considering vehicle stabilization of ±5

degrees, the required beam width is 29 degrees. From Figure 4-51,

an antenna only 0. 3 m (l ft) in diameter will have this beam width at

Z. Z GHz with a gain of about 15 db.

The present vehicle transmitter design provides 0. 5 watt (27 dbm) for

the spectral component with the lowest power. The 15 db antenna gain

would bring the radiated power to 42 dbm.

For the lunar missions, the required power, plus antenna gains, has

been shown to be about 73 dbrn. Thus, with the 15 db transmitting

antenna gain, a 31 db gain would be required by the transponder-

receiving antenna. This would require a 2. l m (7 ft) parabola with a

beam width of about 5 degrees.

If it is desired to retain the present horizon-to-horizon vehicle trans-

mitting antenna for the lunar missions, a 46 db gain would be required

by the transponder receiving antenna. This antenna would have an

aperture of about 12 m (40 ft) and a beam width slightly less than 1

degree.

The power, plus antenna gains, for Mars missions has been shown

to be about 126 dbm at the probable intercept range. As a starting

point, consider that 26 m (84 ft) antennas similar to those currently

used at the Deep Space Instrumentation Facility z0 would be used for

the transponder receivers. The theoretical gain would be 53 db and

the beam width 0.4 degree. This results in a requirement for approxi-

mately 73 db1_ of radiated power.

The 0. 3 m diameter, 15 db gain antenna assumed for the lunar mission

would require a transmitter power of 58 dbn_, which is impractical.

With a transmitter power upper limit of 40 dbm (10 watts), the re-

quired transmitting antenna gain would be 33 db, which could be pro-

vided by an antenna Z. 44 m (8 ft) in diameter with a 4 degree beam

width. Since the earth at great distances is essentially a point object,

this would allow +2 degrees for spacecraft control.

It would be most practical to progran_ the transmitter power along

the trajectory from a minimum value near the earth to the maxinmpn

value near intercept, resulting in a greatly reduced energy requirelnent.
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A possible range versus time relationship for the Mars mission was

shown in Figure 4-37. It has been pointed out that at midcourse the

power requirement would be 6 db reduced, or one-fourth the maximum

value.

A summary of the transmitter power and the transmitting and receiving

antenna gain requirement relationship is presented in Table 4-14.

The parabolic antennas considered for the vehicie will require a

moderate amount of positioning which will impose another demand on

the vehicle power. This demand may be offset, however, by the

elimination of the command link and its power requirements for deep

space operations.

In the Mars mission, the large amount of power required will make

continuous transmission from the vehicle impractical. Further study

of the specific trajectory mechanics, timing, and other problems will

be required, however, to establish a programming of vehicle trans-

mitter power for the best results on a limited energy budget.

Oscillator Stability Considerations. The current AROD design requires

an oscillator stability of one part in 1011 for 50 milliseconds and one

part in 108 for 24 hours. The short term stability requirement must

be held for a minimum of the two-way travel time from the vehicle to

the transponder. This time corresponds to the two-way range divided

by the velocity of propagation and is shown in Figure 4-52. The short

term basic oscillator stability required for lunar ranges is one part in

101. for about 3 seconds. For Mars missions, it is one part in 1011 for

approximately 15 minutes.

Range Tone Considerations. The unambiguous range measurement

capability of the AROD system must be extended beyond that of the

current design requirements. The unambiguous range is determined

by the lowest frequency range tone and is given by

r {unambiguous) -
C

zaf 
(4. 1 - 144)

where Af_ is the lowest frequency tone. In the present design

Aff = 71 Hz, which limits the unambiguous range to siightly over

2000 kin. For the deep space application, the system must include

a multicycle counter device on the low frequency range tone to ex-

tend the unambiguous range to as many multiples of 2000 km as
required.
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Transmitter Transmitting Receiving
Total Power* Antenna Gain Antenna Gain

(watts) (db) (db)

Lunar Mission I0 0 46

10 15 31

100 0 36

I00 15 21

Mars Mission

(full distance)

1300 15 53

g00 33 53

200 15 71

Mars Mission

(midc our se)

50 33 53

i00 30 53

I00 15 68

200 27 53

":' Assuming the current power spectrum which provides 5 percent

of total power in the lowest power component.

Table 4-14. Power Requirements for Lunar and

Mars Missions
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4.1.3.4

4.1.3.5

Conclusions. It is feasible to extend the operation of AROD to lunar

and Mars ranges without major changes in the basic system concept.

Since the system operates with a coherence between the transponders,

this system would give greater accuracy than any system involving

noncoherent tracking. Though a comprehensive investigation must be

made to determine the methods required for correctly evaluating the

error volumes, the upper limits of error indicate that the system would

be suitable for trajectory determination, particularly during the very

important early portions. The error volumes computed in this analysis

are instantaneous evaluations and could be reduced by a smoothing process

that incorporates the orbital accuracies inherent in determination by astro -

physical mathematics.

No significant advantages would be realized by the use of extraterrestrial

transponders and no increase in deep space position accuracy would be

gained by the addition of transponder receiving antenna position angle

measurements. As shown in Table 4-13, the system is more accurate

than state-of-the-art antenna positioning devices.

Only minor equipment modifications, primarily with respect to power

transmitted, oscillator stability, and range tones, would be required for

operation with lunar missions. Mars missions, however, would require

more involved changes including; considerable increase in onboard power

and vehicle transmitting antenna gain, improved oscillator stability, and

cyclic range tone resolution.

Frequency Selection. The selection of the operating frequency was based

on r.he D_i_1 iVcasihi!ity R_p_r_ 2 The frequency band from 2. I GHz to

2. 3 GHz was available at the time the specific ........ "_ __ _,,_uenc1_s _* 2276. 4Z4 -

MHz for the down-link and ZZI4. 4]74 _viHz for the up-link were chosen.

Modulation Selection. Phase modulation was chosen for the down-link

for the following reasons:

. The double sideband phase modulated signal allows large phase

errors (+ 15 °) to be tolerated by the carrier phase-locked loop in

the transponder tracking receiver.

The final amplifier in the vehicle tracking transmitter can be

operated Class "C" since a linear system is not required.

. A submultiple of the carrier can be phase modulated and then

multiplied by the proper multiple (32 has been selected). This

allows a small modulation index to be used and results in good

modulation linearity. This technique produces many cross pro-

ducts between the resulting Bessel function. The cross product

terms, inherent in all angle modulation systems, must be class-

ified as undesirable frequency components in the AROD System.
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The magnitude of each frequency component in the output spectrum

from the vehicle tracking transmitter is determined by considering

the input to the X32 multiplier 21. This signal is a phase modulated

signal, si(t), that can be represented by the expression,

si(t) = Eicos[_it + e(t)], (4. l- 145)

where e(t) = ElCOS_Olt + Ezcos_ozt + s_cos_o3t + E4cos_04t and;

_oI = (Z_r)(142.2765)(105) rad/sec, _0, = (Z_r)(Z. 2688125)(106) tad/see,

_z = (2_)(Z. 340820765)(106) rad/sec, _03 = (Z_r)(2. 34089ZZ35)(106)rad/sec,

_4 = (2_)(Z. 34Z)(106) rad/sec, el = ¢z = E3 = 0.0281, and E4 = 0.0363.

The output of the multiplier is a signal,

So(t) = E o cos (COct + k0(t)), (4. 1-146)

wile re

_oc = k_oI = (2vr)(Z276.424)(106) radians/sec, and

k = 32 = multiplication factor

By using the Euler formula for the cosine function, one can write

for equation (4. 1-146)

-i(_c t + he(t)) 1
s o(t) - E e i(_c t + kO(t) + e

2
(4. 1-147)

or

so(t)

Also,

4 4

ei(_ac t nG= ]

E [- + P. k_ cos Cant) -i(C0ct + k¢ cos noat) -n=l n =1 n
+ e

2

(4. 1-148)

E

s°(t) 2 I 1elCOct 4 ik¢ n cos COnt -itoct 4 -iX¢ n cos COnt
i_l e + e i_ 1 e

Each of the terms, e

series,

:_(ikEn cos COnt)
t

(4. 1-149)

can be expanded into a Fourier
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o0

±ikE n cos _n t _ ±ik_nte = (±i)k Jk (kn) e . (4. 1-150)

k---oo

By using equation (4. 1-150) to expand the terms in equation (4. 1-149),

•
by using ±i = e , one can write

s°(t) = E° > IIk, 1, m, n cos I(_Oc + ko_l + l_oz + mo_3 + n_%) t

k, 1, -oo Tr ]m,n + (k + I +m +n)-_-

(4. 1-151)

where

and

IIk, l,m, n = Jk(kE1) Jl(kEz) Jm(ke3) Jn(kE4)

The signal, So(t), is amplified and transmitted to the transponders.

A further representation for so(t) can be derived from equation

(4.1-151). Because the indices k, 1, m, n assume all integer values
from -_ to co, So(t) can be written

O0

2 IIk, l,m,n cos (U)c + k_l + lee + m_3 + nco4)t
-¢0

O0

+ (k + 1 + m + n)-_- + 11 -k, -1, -m,-n cos (coc - k_]

-OO

- l¢oz - mu_3 -n_ 4)t (k + i +m + n)-_- (4. 1-152)

Noting that

11-k,-1,-m,-n = (-1)k+l+m+n II k+l+m+n

and that

cos (k+l+m+n) II = (-1) k+l+m+n ,

one can combine the two sums and obtain
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00

solt ET Ilk' i'm' n cos {o_c

-00

+ (k+l+m+n)"-_- + cos (_c-

+ (k+l+m+n)- T- (4. 1-153)

This last expression can be reduced to

00

So(t) = Eo _ l]k, i,m, n cos [(k0_l + I¢oz + m_o3 + n¢o4) t 1

-o0

cos (COct + (k + 1 + m + n) T (4. 1-154)

Equations (4. 1-146), (4. 1-151), and (4. 1-154) are different representations

of the transmitted signal, and all three representations are useful.

The amplitude spectrum of the transmitted signal can be obtained

by inspection from equation (4. 1-151), and the power spectrum can be

T

computed from the expression, -_ so (t)dt . Equation

0

(4. 1-154) will be used in the analysis of the transponder phase

demodulator.

The desired portion of the transmitted spectrum is shown in Figure

4-53.

S_ngle sideband with carrier was chosen for the up-link, primarily for

conservation of the frequency spectrum. The desired spectrum to be

transmitted on the up-link is shown in Figure 4-54.

The mathematical expressions for a phase modulated signal and a

single sideband modulated signal were derived and compared, zz The

effects of nonlinearities in the transponder transmitter and in the

vehicle tracking receiver have been considered in the equations

which show the cross-modulation products generated. These results

show that single sideband signals with carrier have sidebands from

cross-modulation products which occupy a major portion of the

frequency band required by the sidebands of a phase modulated signal.
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Figure 4-53. Desired Down-Link Tracking Spectrum
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Spectrum of Transponder Signal - Single Sideband. If the signal

transmitted by a transponder was an ideal single sideband signal,

the frequency spectrum could be easily obtained. Ideally, the

signal, S(t), has the form,

S(t) = a0 cos coc t + al cos (coc - col) t + az cos (coc - coz) t

+ a3 cos (coc - ws) t + a 4 COS (coc - ¢°4) t , (4.1-155)

where

m c = 2rrfc,

co I = 2Trf I ,

CO2 = 2wfz,

fc is the carrier frequency ,

fl = 2. 2688125 X l0 s Hz ,

fa = 2. 340820765 × l0 s Hz,

co3 = 2Trf3, f3 = 2. 340892235 )< l0 s Itz and

co4 = 2_Tf4, f4 = Z. 342 × 106 Hz (fine range tone) •

The sideband amplitudes are related to the carrier amplitude by the
equations,

al a2 a 3 1

a 0 ao ao _/-_
and

a4
- 1

a0 °

The spectrum could be passed by a channel with pass bands centered

at f = fc, f = fc - fl, f = fc - fz, f = fc - f3, and f := fc - f_, each

with bandwidths of 320 kHz. The 320 kHz bandwidths would be

sufficient to pass doppler shifts of + 160 kHz (corresponding to
about 11,000 m/sec.).

Unfortunately, equation (4. 1-155) does not adequately represent the

signal from an actual transmitter. Nonlinearities in the trans-

mitter generate intermodulation components, and incomplete

cancellation of the upper sidebands results in spurious signais at

the frequencies f = fc + fl, f = fc + fz, f = fc + f3, and f = fc + f4.

The output, vo(t),of the transmitter can more correctly be written as
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• Vo(t)

where

= al S(t) + _l Su(t) + a3 S 3(t)

S(t) = S(t) in equation (A-I) ,

Su(t) = bl cos (coc+ coi)t + b2 cos (coc + co2)t

+ b3 cos (c0c + co3)t 4 b 4 cos (coc + co4) t ,

ai = linear voltage gain and

et3 = voltage gain for cubic terms •

The Su 3 (t)

An expression for S 3(t)

( 4. I-156)

term which could be included is assumed to be negiigible.

is readily derived by writing

4 4 4

s3(t) = \

k1=O k2=O k3=O

akl. akz. ak3. cos (coc -cok j)t. cos (_c -cok2 )t"

cos (coc - cok3) t (4. 1-157)

with coo = 0. Using a trigometric identity for the expansion of the

product of three cosine terms, we obtain

S:_(t) = -_ akl • ake • ak3 {cos (coc + cokl 4 COke - O_k3)t

ki ke k3

+ cos (coc + coka + cok 3 - cokl) t + cos (coc + cok3

+ cos (3coct + coki + cok z +cok3 )t}

+ cokl - coke)t

(4. 1-158)
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The term containing B_ c is of no interest, and the others can be

combined to give

4 4 4

S3(t) = _- akl. ak2- ak3 cos (_c +_kl + _k2 - _k3 )t

kl=0 k2=0 k3=0

(4.1-159)

Figure 4-55 shows the relative magnitudes of certain of the terms

in S 3(t). A list of the frequencies at which the spectrum of S 3(t)

is nonzero is given in Table 4-15 together with the relative ampli-

tude of the spectrum at each frequency.

The coefficients al_, az, a3, b 1,..., b 4 can be determined only

by making appropriate feed-through and intermodulation tests on

the transmitter. However, because the transponder sites will be

unattended, a reasonable assumption is that spurious responses

due to both uncancelled sidebands and intermodulation terms will

have considerably greater power than -50 db below the carrier

power. With this assumption, all of the frequencies listed in Table

4-15 should be included in the spectrum that is used for investigating

problems of interchannel interference.

The spectrum of the transponder signalwill translate up or down in

frequency by as much as 160 kHz due to the velocity of the target.

The carrier and the sidebands must, therefore, be considered to

occupy 320 kHz frequency intervals that are centered at the freq-

uencies listed in Table 4-15. Superimposing all of the frequency

intervals in which the carrier or some sideband (desired and unde-

sired) could be located, one obtains a collection of intervals in

which the carrier or principal sidebands of another channel should

not appear. Table 4-16 is a list of intervals. (The frequency

values given in Table 4-16 are specified relative to the carrier

frequency.) Figure 4-56 shows the intervals that include the

carrier and the principal sidebands.

Spectrum of Transponder Signal - Phase Modulated. The brass-

board model of the AROD System has single sideband transmitters

at each transponder site. Because distortion is often present in

signals generated by single sideband transmitters, a study of

alternate modulation techniques has been performed. Nonlinearities

in the amplifiers of a transmitter do not distort an ideal phase
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Table 4- 15

RELATIVE AMPLITUDES OF TERMS IN S3 (t)

Frequency

fp = (f3 - fz) : 70 Hz

PoweriM

(Powerreference)in db

fc + fp -9

f + fl + f -IZ
c p

fc + f2 - fp - 1 Z

fc + f3 + fp -1Z

fc + f4 + fp -9

Table 4- 16

FREQUENCY INTERVALS FOR A GIVEN SINGLE SIDEBAND

CIIANNEL IN WHICH INTERFERENCE MAY BE EXPECTED

Frequencies iisted should be superimpased on an appropriate carrier

coinciding with zero frequency of the spectrum below.

-Z.502 MHz to -2. 109 MHz

-0.233 MIlz to +0.233 MHz

+2. 109 MHz to +Z.50Z MHz

+4. 378 MHz to +4. 844 MHz
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modulated signal; therefore, phase modulation of the up-link
(transponder to vehicle link) carrier might be preferable to single
sideband modulation. The spectrum of a phase modulated signal has
characteristics which may, however, limit the applicability of this
type signal.

A phase modulated signal will have a spectrum that is several times
wider than the modulating waveform, unless the modulation index is
much less than unity. For instance, a carrier (frequency fc ) modu-
lated by a single tone (frequency fm) has a line spectrum with the
lines located at the frequencies f = fc ± nfm(n = I, 2, 3..... ). If
several phase modulated signals are to occupy transmission channels
with closely spaced center frequencies, interchannel interference
can occur from the higher order (than the first) sidebands of a
signal in one channel appearing in the passband of another. The
AROD vehicle tracking receiver has four parallel channels to simul-
taneously receive signals from four transponders.

The following equation, derived earlier, is especially convenient for
exhibiting the properties of the spectrum of a signal, S(t), that is a
carrier phase modulated with four superimposed modulating tones.

nl n2 n3 n4

[[nl, n2, n3, n4 cos (2iTfct + _nl, ng' n3 'n4) (4. 1- 160)

where

IT

_nl, nz 'n3 'n4 = 2IT (n Ifl + n2 fz + n3 f3 + n4 f4)t + (nl + nz + n3 + n 4)-_,

Hnl, nz, n3, n4 = Jnl(61) • Jnz(6z)" Jn3(63) " Jn4(64) ,

fc = carrier frequency,

fl = 2. 2688125 (106) Hz

fz = 2. 340820765 (106) H_,

f3 = 2. 340892235 (106) Hz s

f4 = 2. 342 (I06) Hz (fine range tone),

Jn(x) = Bessel function (first kind) of order n and

61, 6z, 53,54 = modulation indices for the four tones.
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Each time dependent term in the series is a sinusoid; therefore,

the spectrum is zero everywhere except at the frequencies, ,f = ± (fc

n] fl + nz f2 + n3 f3 + n4 f4) • The power at the frequency,

f = fc + nl fl + nz fz + n3 f3 + n4 f4, (in a resistor of one ohm) is

_1 E2 ilZnl, nz n3, n4" To determine the frequency band which this
2

+

signal occupies, one must specify the power level below which the

contribution from a sideband may be considered negligible and must

compute the frequency intervals over which the spectrum is trans-

lated due to doppler effects.

In order to facilitate making a direct comparison with the single

sideband signal presently being considered for the up link, the

Power in a Sideband IIZ
hi, n_, n_, ni

relative power ratios, Power in Carrier 110, 0, 0, 0 , '

have been computed for a number of sidebands in the phase modulated

signal. Modulation indices were chosen so that the principle sideband

to carrier power ratios were as follows:

i-[ 2
1,0,0,0 1

]'[o2, O, O, 0 4

2

IlO, l,O,O _ 1

42
nO, O, O, 0

2
rlo, o, 1, o l

2 4
IIo, o, o, o

2

• 110, O, O, 1 l

22
]-I0, O, O, 0
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Table 4-17 is a list of values of

iFlz
nl, nz, n3, n 4

II Z, 0, 0,
for the sidebands

that are particularly important for determining the frequency inter-

vals in which the signal has significant power (relative to the carrier

power).

In Table 4-17, the sideband frequencies are written in the form,

f = fc + mf4 + m3 (f4 -f3) + mz (f4 -fz) + ml (f4 -fl), which is more

convenient than the form, f = fc + nl fl + nz fz + n3 f3 + 114 f4, and

better illustrates the relationships of various sidebands to the har-

monics of the fine range tone frequency, (f4). The relative power at

frequency, f = fc + m4 f4 + m3 (f4 -f3) + mz (f4 -fz ) +ml (f4 - fl), is

II 2
-ml, -m z, -m3, (m1+mz+m 3 +m 4 )

As an example, theiiz
O, 0, O,

relative power at several frequencies, f = fc + mf4,is shown in

Figure 4-57. One observes that at least the third order sidebands

(at fc + 3f4) and perhaps the fourth order ones should be included in

any considerations of interchannel interference.

In the intervals between harmonics of the fine range tone, some

contribution to the spectrum is present at all multiples of f3 - fz =

70 Hz; however, only the sidebands located close to harmonics of

the fine range tone have appreciable power. Figure 4-58 shows the

relative power at frequencies f = fc + ml (f4 fl), f = fc + fl ± ml (f4 -

fl) and f = fc - fl ± ml (f4 - fl) • Table 4-17, which was mentioned

previously, contains values of the power in sidebands located close

to multiples of the fine range tone. Because f4 - f3 << f4 -fl and

f4 - fz << f4 - fl, the gross characteristics of the spectrum are

determined by the terms at frequencies f = fc + m4 f4 +ml (f4 -fI ).

The effect of including the multiples of f4 - f3 and f4 - f2 is to show

the power in sidebands located within several kilohertz of the

frequencies f = f3 + m4 f4 + ml (f4 - fi ).

For maximum vehicle velocities of II,000 m/sec., the doppler shift

in the spectrum will be from -160 kHz to 160 kHz. The carrier and

each sideband must, therefore, be considered to occupy 320 kHz

frequency intervals (Figure 4-59) • Using the frequencies listed in

Table 4-17, one can construct the frequency regions which will

contain some appreciable power from the phase modulated signal if

the range of doppler shift given above is taken into account. Table

4-18 lists the frequency regions obtained from just such a construction,
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Table 4-17

POWER SPECTRUM REFERRED TO CARRIER

PowerI1vl
\/_Powercarrier _ in dbFrequency

fp = {f_ - f2) -70 Hz

fc -11
fc ± fp - 37
fc ± gfp - 71
fc + 3fp -108
fc ± 4fp

fc + fl ± fp -43
fc + fl ± 2fp -76
fc + fl ± 3fp -114
fc + fl ± 4fp

-2.4
fc + f2 fp - 53
fc + fz " Zfp -91
fc + f_ - 3fp

-24
fc + f3 + fp -53
fc + f3 + 2fp -91
fc + f_ + 3fp

fc + f4 ± fp - 14-40
fc + f4 ± 2fp
fc + f4 ± 3fp -75
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using frequencies with power greater than the carrier power less

50 db. If one accepts the more or less arbitrary decision to include

all terms not more than 50 db down from the carrier, Table 4-18

establishes the frequency regions which should not contain the

carrier or principal sidebands of any other RF channel of the

vehicle tracking receiver. The frequency values in Table 4-18 are

measured relative to the carrier.

Effects of Modulation Technique on the System. The vehicle tracking

receiver of the Af(OD System receives signals from each of four

transponders located on the earth. The transponders operate at four

different carrier frequencies; however, the spectrums of signals

from different transponders may overlap if up-link signal channels

are not properly spaced. Two factors increase the frequency band

that must be allocated to each channel; sidebands due to the carrier

modulation and doppler shift due to motion of the vehicle.

The type of carrier modulation determines the location and total

number of sidebands. An ideal single sideband signal has energy

only at the carrier frequency and, if the upper (lower) sideband is

used, at frequencies equal to the carrier frequency plus (minus)

frequencies of the modulating tones. On the other hand, a phase

modulated carrier has sidebands at the carrier frequency plus and

minus all possible combinations of multiples of the modulating tones.

One can compare the differences in the sidebands of a phase modu-

lated signal and a single sideband modulated signal by examining

equation (4. I- 159) (single sideband) and equation (4. I - 160) (phase modulated).

These two modulation techniques would seem to represent the

extremes in bandwidth requirement for frequency allocation. The

mathematical expressions derived can now be used to establish

practical criteria for comparing the spectra of single sideband

modulated transponders with the spectra of phase modulated

transponders.

S_ignal Transmitted By a Transponder. Figure 4-54 is not a

suitable representation for the signal that would actually be trans-

mitted by a single sideband transmitter. The effects of incomplete

cancellation of the undesired sidebands and of nonlinearities in the

transmitter (both likely to be significant for unattended stations)

are not included. Figure 4-55 is a better representation for a

signal that might be obtained in practice; a number of sidebands

appear that are not present in the representation of an ideal single

sideband signal. Table 4-15 lists the sidebands that would be present

in the signal from an operational system.
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Table 4-18

FREQUENCY INTERVALS FOR A GIVEN CHANNEL IN

WHICH INTERFERENCE MAY BE EXPECTED

The frequencies listed should be superimposed on an appropriate carrier

coinciding with zero frequency of the spectrum below.

-11.797 MHz to -11.404 MHz

-9.528 MHz to _8. 989 MHz

-7.259 MHz to -6.647 MHz

-4.917 MHz to _4.305 MHz

-2.648 MHz to -1.953 MHz

-0. 306 MHz to + 0o 306 MHz

+I. 953 MHz to +2.648 MHz

+4.305 MHz to +4.917 MHz

+6.647 MHz to +7.759 MHz

+8. 989 MHz to +9.528 MHz

+ii.404 MHz to +11.797 MHz

NOTE: Doppler shift contributions are based on a maximum velocity

of II, 000 m/sec, z
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Because the space vehicle is moving relative to the transponder

sites, the spectrum of the transmitted signal is translated in freq-

uency by the Doppler shift. The expected range of Doppler shift

exceeds 70 kHz; therefore, the frequency intervals between side-

bands separated by 70 kHz cannot be allotted to another channel.

By assigning the region between sidebands separated by 70 kHz to

the spectrum of the transmitted signal, one can sketch an interesting

diagram of the frequency bands occupied by the spectrum. Figure

4-60 shows the frequency regions in which the spectrum of a single

sideband signal would be located. The cross hatched regions show

where the carrier and principal sidebands must be if the doppler

shift does not exceed 100 kHz (velocity of approximately 6800

m/sec.). The regions with horizontal lines contain unused side-

bands. For comparison, Figure 4-60 also presents the same

information for a phase modulated signal (including only the side-

bands that have power which is greater than the carrier power less

50 db). The doppler shift of 100 kHz was chosen for convenience

to facilitate drawing Figure 4-60.

Receiver Nonlinearities With Multiple Ground Stations. The

analyses and the above discussion were concerned with the spectrum

of the signal transmitted by a single transponder. Actually, signals

from four transponders are received simultaneously at the vehicle;

and before the combined signals are filtered into separate channels

(one for each transponder), they are amplified at RF, converted to

IF, and amplified at IF. Nonlinearities in the amplifiers and mixer

generate new sidebands that will, in general, lie close to the carrier

and principal sidebands of desired signals.

Analyses that assume small nonlinearities in the receiver front end

are shown below for both single sideband modulation and phase

modulation. As can be ascertained from equations (4. 1-166) and(4. 1-188),

even a small nonlinearity generates many new sidebands, whether

the transponder signals be amplitude modulated (single sideband)

or phase modulated. The intermodulation products of the phase

modulated signals and the amplitude modulated signals do not differ

significantly. Only sidebands at the third and fourth harmonic of

the fine range tone cause the phase modulated signal spectrum to be

qualitatively different from the spectrum of the single sideband

modulated signal.
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Output From Receiver Front End - Single Sideband Modulated Signal.

The signal received at the vehicle receiver from the transponder

number v (v = 1, 2, 3, 4) can be represented by the expression,

4

Sv(t ) = E v )_

¥=0

a¥ cos (toCvt + toy t + 0v, ¥) , (4.1-161)

where

toCv - carrier frequency (including doppler shift of signal from

v th transponder),

¥ frequency of yth modulating tone (too = 0),

phase shift in signal due to transit time from vehicle to

transponder and return and

E v - amplitude of signal from v th transponder.

At the input to the vehicle receiver, the signals from the four trans-

ponders are superimposed; therefore, the input is

4 4

S{t) = ).j _ E vay" cos (toCvt + toyt + ev,¥) . (4.1-162)

v=l y=O

A reasonable representation of the output voltage of the receiver

front end is given by

Vo(t) = al S(t) + a3 S3(t) • (4. 1-163)
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Directing interest to the S_(t) factor, we observe that

s3(t)

4 4

vI, v_, v3 =I YI,Yi,y3=0

vz Evz" E v3 ay1 • ayz. ay 3

• cos (tocvlt +wy t + 0 v l)j I,Y

• cos (_Cv z t + _yzt + Ovz ' _/z)

• COS (t_cv3t + toy3t + OV3,Y3 ) }.

(4. 1-164)

If one neglects terms with the carrier frequency {_cv 1 + COcv2 +
COCv.a , the expression for S 3(t) can be written as

t

4 4

S3(t) =_- Ev l' Evz. Ev 3"

v 1 v_ v3=l' ' _/1' Yz' ¥3 =0

• o

ay1 ay z a,f:_

cos ((_Cv 1 + )t + + - )t
t°Cvz t°Cv3 (_Yl t_Yz t°¥3

+ Ovl,yi + Ovz,yz Ov3,y3 )

(4. 1-165)

+ COS
((_Cvz + _c - )t + (toyz + - ,_¥ ) t

v3 t°CUl t°Y3 1

+ Ovz,yz + Ovs,y3 Ov_,yl )

+ cos + t°c " _c )t + +_¥ ) t(_cv 3 v I vz ('_¥3 I " _¥z

tl).+ 0v3'¥3 + Ovz'Y_ z'Yz
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By collecting terms, one obtains

3

Ev ] Ev2
S3(t) = _ E%

vl, vz, v3=l l' ¥z, ¥3 =0

a • a • a

• co_
COCv 1 V L V3 2

+ v, + , _ o%,y3 ] } "

(4. 1-166)

Equation (4.1-166) clearly exhibits the spectrum of S 3 (t). Spectral

lines are located at the frequencies,

= + + (co_/ + co_/3) , (4. 1=167)co coCv l ¢°Cvz coCv3 1 c°x{ 2

where vl, vz, v 3 assume all possible combinations of the values

v = 1, 2, 3, 4 and _/1, _{2, _/3 assume all possible combinations of

the values _{ = 0, 1, 2, 3, 4. Present in the signal are the compo-

nents of all combinations of the sum of two carrier frequencies minus

the frequency of another carrier together with all combinations of the

sum of the frequencies of two modulating tones minus the frequency

of another.

A better appreciation of the significance of the term S3(t) can be

obtained by examining the cube of the only one single sideband

modulated signal.

It can be shown (See Spectrum of Transponder Signal - Single
Sideband. )*that

Page 4-131 of this report.
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4

Z
Yl' "_z' Y3 =0

ay I" ay2 • ay3

• cos [_cvt + (¢0y1 + _¥z - ¢°Y3) t (4. 1-168)

+ Or, - Or, ] .+ 0v' ¥1 YZ Y_

By examining equations (4. 1-166) and (4.1-167), one observes that the

equation for S 3 (t) is simply a superposition of terms like S _ (t)
V

but with the carrier frequency translated to

UaCv = OaCv I + (,aCv z . tOCv 3 (4. 1-169)

Mathematical Analysis For Determining Effect of Nonlinearity on

AROD Airborne Receiver Using Phase Modulation. The voltage

output of the IF amplifier of the AROD airborne receiver, for the

case of phase modulation, is given to a close approximation by the

equation,

Vo(t) = _I SR(t) + _3 SR 3 (t) , (4. 1-170)

where

SR(t) = E l cos _5l(t) + Ez cos _z(t) + E 3 cos @_ (t) + E 4 cos @4(t),

(4. 1-171)

= t + k e I (t)¢1 (t) _cl (4. 1-17Z)

t + xa_ (t)_,z(t) = ¢Ocz (4.1 - 173)

t + X.83 (t)¢3(t) = %3 (4.1-174)
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t + kO 4(t) , (4. I 175)= ¢Oc4

(4. 1-176)

0z(t ) = 0(t 2Rz(t))
C

, (4. 1-177)

O_(t) = O(t z R3 (t))c ' (4. 1-178)

2 R4(t ) )04(t) = 0 t and (4. 1-179)
c

O(t) = E _ cos _t + cz cos _at + c3 cos _3t + e4 cos _o4t (4. 1-180)

where

C_l and if3 are constants,

E m = the amplitude of the signal from the mth transponder

(for m = I, 2, 3, and 4),

Vo(t)

Rz

R3

R4

= the voltage output of the IF amplifier of the AROD

airborne receiver,

= the multipiication factor,

= the distance from the first transponder to the space

vehicle,

= the distance from the second transponder to the space

vehicle,

= the distance from the third transponder to the space

vehicle,

= the distance from the fourth transponder to the space

vehicle,
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SR(t) = the signal received at the space vehicle receiver from

the four transponders,

t0Cm = the angular frequencies of the carrier waves in radians
per second,

com = the angular frequencies of the modulating waves in

radians per second and

¢m = the modulation indices for m = 1, Z, 3, and 4.

The modulation index is the ratio of the frequency deviation to the

modulating frequency.

Let

and

bi = Ej cos ¢1(t)

bz = Ez cos _bz(t)

b3 = E3 cos O3(t)

b 4 = E 4 cos @a(t) .

From equations (4. 1-i71), (4. 1-181),

obtains

and

, (4. 1-181)

' (4. 1-182)

(4. 1-183)

(4. 1-184)

(4. 1-18.2), (4. 1-183),and(4. 1-184) one

SR(t) = bl + bz + b3 + b4

SR 3(t) = (bl + bz + b3 + b4) 3

By expanding equation (4. 1-186), one obtains

SR3(t) = b13 + bz3 + b33 + b43

+ 3b lbzz + 3b lzbz + 3b_b_Z + 3b 3zb4

+ 3b lzbz + 3b lzb4 + 3b zzb3 + 3b zzb4

+ 3b Ib3z + 3b Ib4z + 3b zb3z + 3b zb4z

+ 6blbzb3 + 6blbzb4 + 6blb 3b4 + 6bzb 3b4 .

(4. 1-185)

(4. 1- 186)

(4. 1-187)
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From equations(4. 1-181), (4. 1-182), (4. 1-183), (4. 1-184), and(4. 1-187), it may
be shown that

SRS(t) = d I cos qb1 + dz cos qbz + d3 cos d?3 + d4 cos qb4

+ c 1 cos 3@, + cz cos 3@z + cs cos 3@ s + c_ cos 3@4

+ ds[cos(d_l - 2qbz) + cos(_bl + 2._bZ)]

+ db[cos(qbz - gel} + cos(_ba + 2¢1]

+ dv[cos(_b3 - Z44) + cos(d_3 + Z04]

+ ds[cos(qb 4 - Z_b3) + cos(¢4 + Z@3]

+ dg[COS(q%3 - 2¢i ) + cos(¢3 + Z_)l]

+ ax0[cos(¢4 - z_,) + cos(¢_ + Z¢,]

+ dtl[cos(_b3 - 2qbz) + cos(¢3 + ZCZ)]

+ d,z[cos(¢4 ZCz) + cos(¢4 + ZCz)]

+ dx3[cos(¢, - Z¢3} + cos(¢, + Z¢_)]

+ di4[cos(¢ 1 - Z¢,) + cos(cbl + ZO4)]

+ dls[cos(_z - Z03) + cos(_z + Z¢,)]

+ d,6[cos(% - Z¢_) + cos(¢z + Z¢4)]

+ c,7 [ cos(Ca +_z +¢_ ) + cos(C, +¢z -¢3 ) + cos(C, -¢z +¢3)

+ cos(el -¢z -¢s )]

+ c,,[cos(¢l+¢z+¢_) + cos(¢t+¢z-¢4) + cos(C,-¢z+¢4)

+ cos(¢,-¢z-¢_]

+ c,9[cos(0, +¢,+¢4} + cos(¢,+¢3-¢,) + cos(¢,-¢3+¢4)

+ cos(¢,-¢3-¢4)]

+ cz0[cos(¢z+¢3+¢_) + _os(¢z+¢3-¢4) + cos(¢z-¢_+¢4)

+ cos( %bz -'3 -qb, )] ( 4. t - 188)
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where

El

c2

c 3

c4

c 5

C6

c 7

c8

c 9

c10

Cll

C12

Cl 3

c14

C15

El 3

4

E2 3

4

4

E4 3

4

3E I E2 z

2

3El_Ez

2

3 E_ E 4 z

2

: 3 E_ z E4
2

_ 3 E l a E4

_ 3Ez2E4

2

_ 3 E 1 E_ z
2

_ 3 E 1 E 4 z

(4. I- 189)

(4. 1 - 190)

(4. 1-191)

(4. 1-19.2)

(4. 1-193)

(4. 1-194)

(4. 1-195)

(4. 1-196)

(4. 1-197)

{4. 1-198)

( 4. i - 199)

( 4. 1 -200)

(4. l-ZOl)

( 4. 1 -202)

( 4. 1 -203)
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C16 =
3 E z E 4 z

2

3E_ EzE _
C17 =

2

3 E I E2 E_
C18 -

2

3 E I E_ E 4
C19 -

Z

3 E z E_ EK
C20 -

Z

( 4. 1 -204)

(4. I-2o5)

(4. 1-206)

( 4. 1 -207)

( 4. 1 -208)

d I : 3 cI + c 5 + cl _ + Cl 4
( 4. 1 -209)

dz --: 3c z + c 6 + cl5 + cl #
(4. 1-210)

d3 : 3 C 3 Jr C 7 /- C9 + CI 1

d4 = 3c 4 + c s + Cl ° + ClZ

(15 = - 3E'E2___ 2
4

(4. 1-211)

(4. 1-212)

(4. 1-213)

3 E l z E_
d6 : _. ':b -

4 (4. 1-214)

d 7 : _. c7 -
4 (4. 1-215)

, :_ 3E_ds : _ ca
4 ( 4. 1 -216)

_ 3 E 1 El_d 9 = _ cv
4 (4. I-2t7)
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3 E, z E4
dl0 = }- Clo -

dll = ½ Cll

4 ' (4. 1-218)

(4. t-219)

1
d12 = 2 c12

_ ] Ez z E4

4 ' (4. 1-220)

3 E I E) z
d13 : _ C13 - 4 ' (4. l-2Zl)

3 El E 4 z
dl4 = _ c14 = 4

(4.1-222)

3 E2E] z
dls : acls - 4 and

( 4. 1-223)

1
d16 : _ C16 -

3 E z E4 z

4 ( 4. 1-224)

By disregarding all terms far removed from the carrier frequency

and those ter..,_s exactly at the carrier frequency, equation (4. 1-188)

reduces to

-K_"3(t) - 3E IE 22 3E IzE2
4 c°s(dh-2_2) + cos(.+_. - 2_h )4

3 E_ E42 3 E_ z E_

+ 4 c°s(c_s - 2qb4) + 4 c°s(qb4 - 2_s)

3EI2E_ cos(_3 -2_i ) t 3EIZE4
+ 4 4 c°s((_4 - 2_I)

3Ez2E) 3EzZE4 cos(e_._ - 2_2 )
+ 4 c°s(_bs 242 ) + 4

(4. i-225)

3E IE) z 3EIE4 z cos(_1 - 2_4 )
+ 4 c°s(q_1 - Z_3) + 4

3 E z Es z 3 E z E4 z

+ 4 cos(_2 - 2_s) + 4 cos(_2 - 2_)
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5E, EzE_ [cos(¢i + ¢2 - ¢3) + cos(¢i - ¢2 + ¢,)+ 2

+ cos(¢1 - Cz - ¢3)_

3 E| E z E¢ I+ 2 cos(¢1 + ¢z -¢4) + cos(C, -¢z + ¢4)
[

cos(¢1 - ¢z - ¢4)]+

3ExE3E_cos(¢i + ¢3 - ¢4) + cos(C, -¢3 + ¢_)+ 2
k.

+ cos(¢, - ¢3 - ¢_)J

3EzE) E4 [c°S(¢z + ¢3 -¢4) + c°s(¢z -¢3 + ¢*)+ 2
k.

+ cos(¢z - ¢3 - ¢4)| •
A

(4. 1-225)

From equation( 4. 1- 171)through(4. 1- 174)inclusive, it may be shown

that equations(42 1=226)through (4. 1-231) are valid.

Z¢i - ¢j = (_ak)t + k_k(t) (4. 1-226)

where

and

_Oak = 2C°c i - _Jcj ( 4. 1 -227)

_k(t) = 20i(t) - Oj(t)

where i, j, and k are integers.

Similarly,

¢i ± Cj ± Cm = (¢°ak)t + ddk(t)

where

(4.1-228)

(4. 1-229)

_oak = COci ± COcj ± ¢OCm

and

JJk(t) = el(t) ± 0j(t) ± 0m(t )

where i, j, k, and mare integers.

(4. 1-230)

(4. 1-231)
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From equations(4. 1-225)through( 4. 1-231),inclusive, the amplitudes,

carrier frequencies, and modulating frequencies for each of the

terms in equation(4. 1-225)were determined. The frequencies and

amplitudes of the intermodulation components are listed in Table

4-19.

]Equations( 4.1- 176)through(4. 1-179), inclusive, may be written in the

form_

@i(t) = @(t 2Ri(t))
C

(4. l-z3zl

where i - 1, 2, 3, and 4.

It may then be shown that for the case of the range tones,

(4. 1-233}, (4.'I-234), and (4. 1-235) are valid.

Oi(t) = % c°s(°_lt+ 5i,1) + _2 c°s(c°zt+ 5i,z)

+% cos(_%t+ 6i,_) + e4 cos(c%t+ 5i,4)

equations

( 4. 1 -233)

where i = i, 2, 3, and 4.

Oj(t} = ¢ l cos(colt, 6j, 1) +

+% cos(oa3t+ 5j, 3) +

_z cos(c°et + 6j,a)

q cos(c%t + 5j,4)

( 4. 1 -234)

where
j ___. 1, 2, 3, and 4.

Ok(t) = _1 cos(o_t+ 5k,1) + _Z c°s(°_zt+ Ok,z)

+ __ cos(oJ3t+ 5k, 3) + % cos(_%t + 5k, 4)

(4.1-235)

where

6In, n

£ ITI

= r_hase angles of the range tones which depend on the

( 6m, Rn)transponder range i.e. , n = _ C°_n c ,

= angular modulating frequency in radians per second

= modulation index for m = l, 2, 3, and 4.

and
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Table 4-19

AMPLITUDES, CARRIER FREQUENCIES, AND MODULATING

FREQUENCIES OF IM COMPONENTS DUE TO NONLINEARITY

Amplitudes of

IM Components

3EzZE_ a 3
4

3 E z z E4 0,3
4

3 E 1 E3 z
a3

4

3 Ez E_ z
0 3

4

Carrier Frequencies of

IM Components

_al = _c3 - _CI

_a2 = 2WCI - O0C2

o0a3 = 2O0C4 - ¢0C3

o0a4 = _0C3 - O0C6

o0a5 = 2o0Cl - o0c3

¢Oa.6 = 2o0c1 - o0c4

¢Oa 7 = 2O0C 3 - O0C 3

o0a8 = 2,O0Cz - COc4

= 2o0 c
608" 9 3 - ooCl

COal 0 = _)C4 - O0Cl

O0&II = 2_C3 - o0Cil

IM Modulating

Frequencies

qJl(t) = 20z(t) - 0 t(t)

qJz(t) = 201(t) - Oz(t)

_s(t) : 2o4(t) - os(t)

_4 (t) :

_5(t) =

20 s(t) - 0 4(t)

20 l(t) - 03(t)

#6(t) : 201 (t) - 0 4(t)

qJT(t) = 20 z(t) 03(t)

#8(t) = 2o2(t) - o_(t)

%(t) : z%(t) - o_(t)

@lo(t) : 20 a(t) - O1 (t)

_bll (t) = 203(t) - 0z(t)
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Table 4-19(Continued)

Amplitudes of

IM Componcnts

3 Ez E4 z
tl 3

3E ! I'2z.E_ n)
Z

3 E 1 E z E_
2

(13

3.E l E z .E_ %
Z

3 E 1 E z E. t %
2

Carrier Frequencies of

IM Components

_Z_Iz = _OC4 - (.0(: 2

c_Ll'lJ _"(_1 t _,C2 -- _0(: t

coLtl4 = (aa(, I + _0C 3 - CO C 2

oJaI_ : _J(.'iL ] (-5C 3 - c°(." l

COal 6 -- _,CI t w(, - CO(., 4

IM Modulating

Frequencies

_blz(t) = ZO4(t) - 0 z(t)

_l't3 (t) = 01(t)+ 0z(t)-03(t)

q'll (t,) -- 01(t)+03(t)-0z(t)

_Ols (t) = 0z(t)_ 03(t)-Ol(t)

q't6(t) = 01(t)+0.,(t)-_4(t)

3 E 1 Ez E4 %
2

3 E 1 E z E 4 %
Z

,3 E 1 Ej E 4 a3

3El E_E4 a_
2

3 E 1 E_ E 4 %
2

_3_E z E_ E t %
2

3E.____!_zE A_.EE! %
2

3 E z E t E4 a3
2

coo.17 = _o(, l -l cot: 4 - t_o(: 2

_);-t18 _(-:Z 4 co(, 4 - _('I

oJ__l. 19 ::: c,.,C1 t coC3 - t_o¢, 4

" =: (,)(. + 03(.
(_)_120 I 4 - COC3

C0_21 := C_C3 + C0C4 - cOCl

c'3a22 = c_(: 2 q _')C B - °"cl,

cda.23 = Coc2 + t_c4 - COc3

co +
a./. 4 = _0c3 (_c4 - (,OCz

_1'_7(t) : 01(t)+04(t)- 02(t)

,_. (t) : %(0+ %(0-a_(t)

qJ_9 (t) = _(t) _ 03(t)-a_(t)

q_-o(t) : 01(t)+04(t)- a;)(t)

_21 (t) = 03(t)+04(t)-01(t )

_Paz (t) : Oz(t)+ 03(t)-O4(t )

q_z3 (t) : 0z(t)+04(t)- 0a(t)

*z¢(t) = 0_(t)+04(t)=0z(t )
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An examination of the angular modulating frequencies listed in Table

4-19indicates that all these frequencies can be represented by an

equation of the type

q_m(t) = el(t)

where Oi(t), Oj(t),

and(4. 1-235)respectively.

From equations(4 1-233) through(4_ 1-236), inclusive, it may be shown

that

qJm(t) = el [cos (colt + 6i, 1)+ cos (c01t + 6j,l) - cos (col t + 6k, l) ]

+ ca [cos (cozt + 6i, 2) + cos (cozt + 6j,z) - cos (co2t + 6k, z) ]

+ e3 [cos (coat + 6i, 3) + cos (co3t + 6j, 3) - cos (co3t + 6k,3)]

+ e 4 [cos (co4t + 6i,4) + cos (co4t + 6j, 4) - cos (co4t + 6k,4) ].

+ Oj(t) - Ok(t) (4. 1-236)

and Ok(t) are given by equations(4. 1-233), (4. 1-234)

(4. 1-237)

From equation (4. 1-237), it is evident that

_bm(t) = Pli'j'k(t) + P2i'j'k(t) + P3i'j'k(t) + P4

where

i, j, k(t ) (4. 1-238)

P,i'j'k(t) = ej [cos (co,t + 6i, l) + cos (co,t + 6j,,) - cos (co,t + 5k,,) ]

P2i'j'k(t) = e z [cos (co_t + 6i, z) + cos (co2t + 6j, 2) - cos (co2t + 6k, z) ]

P3i'j'k(t) = e3 [cos (co3t + 5i,3) 4 cos (co3t + 6j 3) - cos (co3t + 6k,3)]

P4i'j'k(t) = e4 [cos (co4 t + 6i,4) + cos (co4t + 6j,4) - cos (co4 t + 6k,4) ]

By application of Euler's formula and elementary trigonometry, it may

be shown that

' ( 4. 1-239)

, (4. 1-240)

and

(4. 1-241)

(4.1-242)
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i,j k_bm(t) = eIFl ' cos (colt + dl 1'j'k)

+ E2F2i, J ,k

+ e3F3i, J ,k

cos (co2t + d2 i' J' k)

cos (cost + d3 i' J' k)
(4. i-243)

+ e4F4 i'j'k cos (co4t + d4i'J 'k)

where

A m = cos (6i, m) + cos (6j, m } - cos 16k, m) ,
(4. 1-244)

B m = sin (6i, m) + sin (6j, m) - cos (Sk, m) , (4. 1-245)

and

where

i'J k I 4 AmZ + Bin2 ]Fm ' = (4, 1-246)

dmi'j'k =arc tan (_-_mm) • ( 4. 1-248)

From equations( 4,1-244), ( 4, 1-245), and( 4.1-246)it can b e shown that

Fmi'j'k= I 43 + 2 Hmi'J'k ] (4.1-249)

Hm i,j,k=cos(6i,m_ 6j, m ) - cos (Si, m - 6k, m) - cos (6j, m- 5k, m) •

(4. 1-250)

It is thus evident from the previous analysis that the modulating

frequencies listed in Table 4-19 reduce to expressions of the form

given by equation (4. 1-Z43)

In accordance with equation(4. 1-176) the components of the signal at

the output of the first I]_" amplifier of the AROD airborne receiver

due to nonlinearity are given by the equation,
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Si, j, k(t) = El, j, k

where

+00

IInl, nz, n3, n 4 .cos A(t) + (nl+ n2+ n3+ n4) -_

-00

nl' n2' n3' n4 (4. 1-251)

IInb nz, n3, n4 = Jnl(kelFl) • Jn_(kEzFz) • Jn3 (ke3F3) • Jn4 (ke4F4)

(4.l-ZSZ)

A(t) = [(coci + ¢Ocj - coCk) t + n, (colt + d,i'J ,k) + nz(cozt + dzi'J 'k)

(4. i-z53)
+ n3 (co3t + d3 i'j'k) + n4 (¢04t + d4i ,j,k)] ,

and

corresponding to the modulating frequencies listed in Table 4-19, and

where Jn m is a Bessel function of the first kind and nm th order

with argument ke mF m, for m = l, 2, 3, and 4, and k = 32.

Assignment of Carrier Frequencies. If one ignores nonlinearities

in the front end of the vehicle tracking receiver, a number of suitable

carrier assignments can be made. Figure 4-60 shows a possible

assignment of carrier frequencies that should be satisfactory for

either type of modulation being considered here. Doppler shifts

up to 220 kHz would not produce interchannel interference for

transponders using single sideband modulation (Figure 4-60) and

doppler shifts up to 185 kHz would be acceptable for phase modulated

carriers (Figure 4-60). Interference is possible if the unused

sidebands of one transponder (regions shaded with horizontal lines)

overlap a region (cross hatched) that could be occupied by the

doppler-shifted useful components of another channel. No fifth

order intermodulation products were considered in drawing the

single sideband spectrum in Figure 4-60. If they had been included,

the two upper diagrams on the figure would have been even more

similar to the two lower diagrams. Again, only the presence in the

phase modulated signal of sidebands near large multiples of the

fine range tone frequency significantly distinguish the two types of

modulation.

Until a two-tone intermodulation test can be performed using the

tunnel diode amplifier, the tunnel diode mixer, and the first IF

amplifier in tandem, no definite conclusion can be drawn about the

amplitude of receiver generated intermodulation components. With

limited information about the amplitude of intermodulation components,

one has difficulty establishing the degree to which receiver

nonlinearities should influence the assigning of carrier frequencies to

the four transponder channels.
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A close examination of equation (4,1-166)and Table 4-19shows certain

internaodulation terms which are unaffected by the spacing between

carriers (i.e. if ¢0cv z = ¢0cv 3 in equation(4. 1-166)These terms

correspond to the interaction of one carrier,(e.g., carrier #1) with

another carrier , carrier #2, and with the sidebands of carrier

#2 • This interaction produces about carrier #1 sidebands that are

identical in frequency and phase to the sidebands about the carrier

#2. No manipulation of the transponders, except reduction in trans-

mitted power, changes the amplitude of the intermodulation sidebands.

The ratio of power in the intermodulation sidebands to power in

carrier #1 is not a function of the amplitude of carrier #1. At the

output of the first IF amplifier, the carrier for each transponder

signal will have superimposed upon it the sidebands of the carriers

for the other three transponder signals.

The carriers and sidebands of three distinct transponder signals

interact to produce sidebands that could possibly lie in the passband

of the fourth transponder signal. Location in frequency of these

intermodulation components is a function of the spacing of the carriers

of the three signals. In normal operation, these intermodulation

products probably will affect the operation of the system less than

those that are mentioned in the previous paragraph and that are

unaffected by the spacing of the four carriers. Only the weakest of

the four channels will be more affected by the intermodulation pro-

ducts due to intermixing of all three of the other channels. If the

weakest signal is significantly weaker than the other three, it pro-

bably is not being used for measuring range and velocity. The ten-

tative conclusion is that the intermodulation products arising from the

interaction of three different transponder signals should not influence

the assignment of carrier frequencies.

Finally, certain of the intermodulation components are due to an

interaction between two signals (i.e. ¢_cw I = ¢_cw 2 in equation (4. 1-166)

and Table 4-19). If the signals from two transponders are much

stronger than the signals from the other two, the intern]odulation

products from the mixing of these two signals could be amplitudes

that are sizable fractions of the amplitudes of the other two trans-

ponder signals. Because large differences in signal level could

occur during launch of the vehicle, either the carrier spacing must

be such that two signal intermodulation products do not lie in the

passband of the other two channels or provisions must be made to

reduce the power radiated by transponders when the vehicle is near

to the site.
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4.1.3.6

At present, no general technique exists for selecting an optimum
carrier spacing to assure that two signal intermodulation products do
not lie in the passband of other channels. Channel assignment is
made even more difficult if transponder transmitter intermodulation
products are included in the consideration. Hopefully, a two-tone
intermodulation test of the receiver will show the two-signal inter-
modulation products are no problem if, during launch, the trans-
mitted power is reduced at transponders located close to the launch
site.

Whether or not receiver nonlinearities are a problem, the type of
modulation used for the transponder transmitters is not likely to
influence the assignment of carrier frequencies to any significant
degree.

Inte rmodula tion.

The AROD System for tracking a space vehicle uses a triangulation

method incorporating three transponder stations, each transmitting a

different frequency, and a CW transmitter/receiver on board the vehicle.

Due to relative motion of the earth and vehicles, more than three ground

stations must be used. As the vehicle breaks contact with Station #i and

acquires contact with Station #4, it receives both frequencies for a short

time. Should these be the same frequency, the system would yield

ambiguous tracking information. In order to prevent confusion, four

frequencies will be used for the transponder transmitters. This is

illustrated in Figure 4-61.

These four transponder frequencies will be changed in frequency as a

result of the Doppler shift caused by the relative motion between the

vehicle and the transponders. The intermodulation products (IM's)

are also shifted in frequency, and calculations become more compli-

cated. The shifting spectrum presents serious interference problems

and is a major problem to be solved for this tracking system. This

investigation is pointed toward the selection of a basic separation in

transponder frequencies to minimize the interference of IM products

with the transmitted spectra when Doppler shifts are considered.
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Intermodulation Analysis of a Nonlinear Amplifier 23 _ A method is

outlined for determining mathematically the output power of the inter-

modulation frequencies of a nonlinear amplifier for the case of "n"

input sinusoidal signals, by using the results of a two-tone intermodu-

lation test. It is assumed that the "n" input signals are fed into a

Class A amplifier having small nonlinearity.

The two-tone intermodulation test is used to define the nonlinearity of

an alnplifier, in this test, two sinusoidal signals of different fre-

quencies are fed into the amplifier. These signals are matched to

the input of the amplifier such that each sees a purely resistive

load, R i. Their amplitudes are then adjusted such that the input

powers are identical. The output powers of the various carrier and

intemnodulation frequencies are then nleasured. The output signals

are rnatched to both the amplifier and the power measuring device

such that each sees a purely resistive load, R o. These measurements

are frequenth/ made with a spectrum analyzer.

Let the input voltage to the amplifier be given by the equation,

Vi(t) = E1 cos c01 t + E z cos c0z t , (4. 1-254)

where

Vi(t) = voltage input to the amplifier,

E m -- peak amplitude of the m th input sinusoidal signaI and

m angular frequency of ruth input sinusoidal signal in

radians per second.

The output voltage of the Class A amplifier is given to a close

approximation by the equation,

Vo(t) = _ Vi(t) + c_3 Vi 3 ([) ( 4. 1 -255)

where

Vo(t) : output _,oltage of amplifier ,

c_ = linear voltage gain,

t_ 3 = voltage gain for cubic terms and

why're the power level of Vi(t) is below saturation.
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It will be assumed that the amplifier has a flat frequency response for

all the input frequencies under consideration, making al a constant.

We will also assume that the nonlinearity in the amplifier is non-

frequency sensitive in the bandwidth under consideration, making as

a constant.

From equations(4_l-254) and(41-255) it may be demonstrated that

Vi _ (t) E l J cos 3 toI t + 3 E l _ E z cos z e I t cos _z t

+ 3 E l E z 2 cos t_1 t cos z _ t + E z 3 cos3 _ t and (4. 1-256)

Vo(t) b I cos t_,tt I b z cos o)zt

F _ cos 3 t_1 t _ _ cos 3_2t
4 4

3 a3El z Ez "

4 co_ (2-_,a - _z)t (4. 1-257)

+ 3%E1 z E_
cos (2_ 1 ÷ _z)t4

3 a.3E t Ez z
+ 4 ..... cos (_l 2_ z )t

3%EIEz z
-t- cos (_l t- 2_ z)t

4

where

and

bl : alE1 + 3 _ El 3 + 3 a3Ei Ez z
4 2 (4. 1-258)

bz : alEz + 3ce_Ez34 + --3 %EIZE_2 (4. 1-259)

By disregarding all terms far removed from the carrier frequencies,

equation (4. 1-257) reduces to
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Vo(t) = b i cos _0!t + bz cos _ozt +

3 a3 El Ez z
+

4
cos (2_oz - _I)t

Z Ez cos (2_o I -toz)t

( 4. 1-260)

where bl and b z are given by equations(4.1-258)and (4. 1-259)

respectively.

Equation(4. 1-260)can also be written as

where

and

Vo(t) = bl cos _lt + bz cos _ozt + bzt cos (2_oz - wl)t
)

blz cos (2_o 1 -_z)t

3 a_ Et Ez z
bzl =

4

3 (_] El z Ez
blz =

4

(4. 1-261)

(4.1-262)

(4.1-263)

Let Pt. = total average input power to amplifier and
1

Pi(_m) = Pm = average input power to amplifier for angular

frequency, tom, where m is an integer.

For the two tone test,

E l : E 2 ,

El 2
Pi(_°l) = PI =

2 R i
(4.1-264)

and

Ez z El z
Pi(t°z) = Pz = _ =

2 R i 2 R i
(4. 1-265)

( 4. 1 -.266)

where

R i = input resistance of amplifier to which the input

signals are matched.
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For the two-tone test (El = Ez), equation(4. 1-254)reduces to

V i(t) = El[cos _,t + cos _zt]

and equation(4. 1-261)reduces to

( 4. 1 -267)

where

and

Let

Vo(t) = ba cos wit + bl cos wzt + btz cos (2_0z -_l)t

+ b,z cos (2_, -_0z)t

9 _EI 3
bl = bz = _lE1 +

4

3 _EI 3
bl2 = bal =

4

(4.1-268)

( 4. 1-269)

(4. 1-270)

Po(_) = average output power from amplifier for

angular frequency, to,

P
s average output power from anaplifier for

the intermodulation frequency 2to z - to 1,

for the two tone test (El =Ez) ,rod

R o = output resistance of amplifier to which

each of the output signals are matched.

From equations (4. 1-264), (4.1-268), (4,.1-269), and (4,1-270) it can be

demonstrated that equations(4, l'-27'l)through(4. 1-286)are valid for

the case of the two-tone test (Ex = Ez) .

- ElZ I 9 _e3ElZ ] z (4,1-2717Po(°_l) 2R o al + 4 -- '

<IP°(_°:) = 2Ro cq + 4 ' (4. t-272)
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9 _3 ZEi6Po(2_l -_z) =
32 R o

9 _3ZEl 6Po(2'_z - (ol) =
32 R o

l_.12
= 2RiP l = (2Ri)Pi(_l)

RiP°(_l) = _o _, Pl[ai + 4.5 o3RiP,]z

P°(t°a) = Pl[ol + 4.5 o,3RiPi] z

Po(2,,,, - =
4 R o Ri 3 Pi 3

( 4. i -273)

(4. i -274)

(4. 1-275)

(4. 1-276)

(4. 1-277)

(4. 1-278)

4 R o Ri_ Pl _

Ps = 9 o_ ZRi 3 Pl3
4 R o

Po(2_z - wl)

Po (_l) 4 (_I
9 al z Ri z p, z

+ 4.5 o3RiP,)r

Ps

Po(_l j
_ 9 c_lZRi zPlz

4(ol + 4. 5 o 3RiP'_-

Ps = Po (2_I - °)I) = Po (2_z - el)

(4. 1-279)

(4.1-280)

(4. 1-281)

(4.1-282)

(4. 1-283)

where

O 3

ol = M - (4.5 Ri PI) , and

2 rR°P° (2_z - _*)]½

P? J

M ._

(4. i -284)

(4. i -285)

(4..i-286)
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The quantities R i, R o, P1, Po (el) , and Po (2_z - _* ) can be

readily measured. With this information, the constants _l and ¢_3

can be determined from equations(4. IL284), '(4. l-Z85)and (4. l-Zg6).

For the case where

equation (4. 1-282)reduces to

When

a I > 4. 5 _3 Ri PI

Ps 9 ¢t_ Ri 2 P1 z

Po (_I) - 4(al z + 9 al a_ R i PI)

(4. 1-287)

(4. i-288)

ai >> 4.5 _3 Ri PI , (4. 1-289)

Ps 9 (__l)z R.zPo (col) - 4 al 1 PlZ (4. 1-290)

Case of "n" Input Sinusoidal Signals. Let us now consider the case

where there are "n" input sinusoidal signals. The input voltage to

the amplifier can then be represented by

Vi(t) = El cos (colt + 01) + Ez cos (wzt + 0z)

+ E 3 cos (¢o3t + 03) + + E n cos (¢Ont + On ) (4. l-Z91)

or

n

V i (t) =

m=l

E m" cos (corn t + 0m} • (4. 1-292)

Let us make the following assumptions:

I. Each input signal, E m cos (_m t + @m ) , is matched to the

input of the amplifier such that each signal sees a purely resistive

load, R i.
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_° Each output signal is matched to the amplifier, as well as the

power measuring device, such that each sees a purely

resistive load, R o.

From equation (4. 1-292),it is evident that

Pi(_m) - 2 K i (4. 1-293)

or

E 2
_- m

Pm _ (4. 1-294)

From equations(4.1-255) and(4. 1-292), it is evident that the output

voltage of the Class A amplifier is given to a close approximation

by the equation,
n

Volt) = o<1 ,_ E m cos (¢omt + Om)
Ji=.J

m=l

n

+ [72Em"
m=l

cos (_m t + O m) ]

(4. 1-295)

Equation(4.1-295) can be rewritten as

Vo(t) = al

n

Ern "

m=l

cos (tOmt ÷ 0 m)

n n !!

÷ a3. Z, . E m E j" E k

m=l j=l k=l

(4. 1-296)

• [cos (tOmt + 0 m) " cos (cojt + 0j) • cos (tokt +0 k ) ] .

By means of a trigonometric identity for the expansion of the product

of three cosine terms, we obtain
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n

Vo(t) = ai _-_> E
.(j m

m=l

cos (_Omt + 0_)

n n n

LJ

m=l j=l k=l

( 4. 1-297)

{cos [ (¢om + toj + wk)t ÷ (0 m + Oj + Ok) ]

+ cos [(to m + oaj - tok)t + {0 m + Oj - Ok) }

+ cos [ (tOrn - toj + tok)t + (0 m - 0j + Ok} ]

+ cos [ (to m - coj - Ook)t + (0 m - Oj - Ok) ]}

The quantity cos [ (¢om + to; +tov)t + (0 m + 0j + 0k)] is of no

interest and can be disregarded. The other terms in equation

(4.1-29_ can be combined to give

n

Vo(t) = al _ E m

m=i

• cos (corot + O m)

n n n

+ 4

m=l j=l k=l

E m • Ej" E k

• [cos (win + _j " _°k)t + (Ore + Oj - Ok)] (4. 1-Z98)

Let F(_) = amplitude of amplifier output at frequency c0.

An examination of equation(4.1-298_ indicates that the output voltage,

Vo(t), contains a large number of frequencies of the type,

¢_ = ¢0m + _0j - tok ,
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where m, j, and k are integers that can vary from I to n.

Three types of terms appear in equation (4.1-298). These term8 can
be classified under Cases I, If, and III as shown below:

CASE I

Here,

and

3t_ 3

F (cam + caj - cak ) - 2

CASE II

For this case,

and

F (200m - COk) -

CASE III

For this case,

m = k/= j ,

j = k # m ,

j = k = rn ,

ca = cam

and

F(ca m) = al E m + 3_----L3 E

• "" + 2EZn ] and

E m Ej E k ( 4. 1-299)

3°_3 E m E_ (4, I 300)4

2 2 2

4 m[ZE12 + 2E_ + ... + 2En_l + En + 2En-]l +
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F(tom) = E m [t_I + 0.75 t_3 E_ ] (4. 1-301)

where

Ej : 2[z? + zf + .. +z2 2 2 ... w" n-1 + 0. 5 E n + En+ 1 + ]n

From equations(4.1-294) and(4.1-298 through(4.1-301), inclusive, it

can be shown that

F z(to)
Po (to)-

2 R o (4. 1-302)

For CASE I ,

and

Po(tom + toj - _k} =

Po(wm + toj _k ) =

9a_ E z E z
m E; k

8R (4. 1-303)
O

9o'y R? Pm PJ Pk

a o
(4. 1-303a)

For CASE II ,

and

Po (?tOm - _k) =

Po(2_m - _k ) =

9_ 2 h: 4 Ez
111 k

32 R o

9tez R i3 P_I Pk

41{ o

(4. 1-304)

(4. 1-304a)

For CASE III ,

or

Po (°_rn)=

Po (_m) =

z [,q + 0 75 c_ ]zEna • _ E1_2

2R o

Ri Pm [_' + 1.5 (q R i pl] ]z

R(j

(4. 1-305)

(4. 1-305a)
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where

and

P/j = 2 [Pi + P2 +...+ Pn-I + 0.5 Pn + F'n+ 1 +''" ÷ Pn]

_x >> 0.75 ffa E_CASE WHERE

For the special case where

_x >> 0.75 _a E_

equation (4. 1-305a) reduces to

Po (°am} = _lz ( Ri _ p (4. 1-306)
R o . m

For reference frequency, co L , equation (4. 1_-306) can be expressed as

/ Ri
Po (COL) = _2 ) PL (4. 1-307)

For the two-tone test, where

= E = E kEm j ,

Pm = Pj = Pk and (4. 1-308)

n = 2 ,

equation (4. 1-304a) reduces to

Po(Z_rn - u%) =

3

9,q a R_ P,n

4R o

and

Po (Z ooa - col ) = Ps =
9,_ R_ P?

4R
O

(4. 1-309)

(4.1-310)
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Equation(4.1-310) is identical to equation (4. 1-280) .

From equations (4. 1-303a), (4. 1-304a) and (4. 1-309) it can be demon-

strated that; for

CASE I

and, for

CASE II

/ _Ps
Po(_m +

- Z
Po (2_°m _°k) = Pm

5 Pk' (4. 1-311)

Pk (4_ 1-312)

For the special case where

al >> 0.75 a3 E_ J

one obtains from equations (4. 1-303a), (4. 1-304a)and (4. 1-306),

CASE I ,

for

and, for

Po(_Om + coj - _Ok) (_.___)z
po(eOm ) : 9 RZ PJ PR\ al ' (4. [-313)

CASE II ,

Po(2_m- _I_)9 (___L) z= -- Rz P PkPo (_m) 4 al i m (4. 1-314)

From equations (4. 1-303a), (4.1-304a), area" (4. 1-307) and inequality for the

special case where al >> 0.75 a3 E_ , it can also be demonstrated
that
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for Case I

and

po{_L} = 9 (}_!) z
Pm Pj Pk

PL

(4. 1-315)

Po(Z_m " ¢_k) 9 z p z Pk--
Po{_°L) 4 _ PL '

for Case II.

(4.1-316)

TransmisslonsIntermodulation Products for AROD Transponder • z4

Since AROD employs a CW,rather than a pulse system, two or more

frequencies are transmitted as a means of obtaining range information.

This is done by comparing the phase of the received signals relative

to that of the transmitted signals. Thus, along with the carrier

frequency and sideband are transmitted "ranging" tones which are

a given frequency intervalfrom the sideband(or carrier). Each of

the four transponder frequencies has its own set of identical ranging

tones. In order to obtain unambiguous range readings at long dis-

tances, several tones must be used. The smaller the separation of

the tones, the greater the unambiguous range.

The first frequency spectrum (for one ground station) chosen was as

appears in Figure 4-62a. This consists of the carrier, fc, and a

sideband with three ranging tones. The upper sidebandhas been cut

off for power considerations. It has recently been proposed that it

may be possible to cut off the three lower ranging tones to give a total

of five transmitted frequencies for each of the four channels. This

reduces the number of intermodulation products (IM's) greatly. The

new spectrum is shown in Figure (4-62b), along with the frequency

designation scheme. The total spectrum is shown in Figure 4-63.

The inital approach to this problem was to calculate all intermodu-

lation products on a digital computer for various frequency spacings

between transponder channels and compare these with the desired

frequencies. This turned out to be impracticable because of exces-

sive computer times involved to get an unambiguous answer on the

possible transponder frequencies which would not product IM inter-

ference. Fifth IM considerations were subsequently dropped due to

relative power considerations.
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The approach finally adopted is the use of an analog scheme for

observing relative IM and desired frequency and confirming the range

of transponder frequency separations which can be permitted without

doppler effects shifting the IlV[ frequencies into an interfering pos.itiQp,.

The digital computer is then used to check the exact position of the IM

products nearest to the desired frequencies in the range of transponder

frequency separations which seem most interference free.

Technical Discussion. An explanation of the frequency determination

and classification scheme will be given before proceeding to the dis-

cussion of IM products.

The four carrier frequencies will be denoted by,

Thu s,

F C

fci= F c ---_---K i . (i = I,...,4)

F c

fc I = Fc N KI '

F c

fcz=F c- _Kz ,

or

F C

fCz - fcl - N (Kl - Kz) = Bta

where F = vehicle transmitted frequency ,
C

fc = transponder transmitted frequency,

Bik = frequency separation between fc.
1

N = integer and

and fck ,

K. = frequency multiplication factor of the ith transponder..
1

The various frequencies could be derived from Figure 4-62b. However,

since the use of range tone frequencies (X;'s) facilitates the computation

of IM products, the following conventions Jwill be used:
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= fcl - X lFBi

Fli = fci -Xz

Fzi = fc. - X_
z

F3i = fc. - X4
1

X1 = 2342.000 kHz

Xz = 2339. 892 kHz

X3 : 2339. 821kHz

X4 = 2269. 820 kHz

(4. 1-317)

IM products are caused by the beating of two frequencies

and are given by the following formulas:

fl ± fz 2nd order

fl ± 2 fz 3rd o_'der

2 fl ± fz 3rd order

2 fl ± 2 fz 4th order

2 fl ± 3 f2 5th order

3 fl ± 2 fz 5th order

ft and f2

(4. 1-318)

This is derived from the fact that, when one frequency modulates

another, the IM product is A1 cos 2 wflt cos 2wfzt , where A 1 is

the amplitude and fl and fz are the component frequencies. From

the trigonometric identity,

cos (21tflt) cos (21tfzt) = ½ [cos 2w (fl - fz)t + cos 2_ (fl + fz)t],
(4. 1-319)

it is seen that the IM product has frequency components fl - fa and

fl + f2 The higher order IM products are brought about from

higher harmonics of the base frequencies. In the absence of per-

fectly linear circuits, there will always be higher order harmonics

present. Although it appears that the IM products, which increase

without limit, form a continuous spectrum and thus form a blanket

interference, this is not the case in practice. The power falls off

rapidly with the order of the harmonic so that only the first few

orders are of importance. In this analysis, the computations have
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included only the third order IM products. It should be mentioned,

however, that the 2nd, 4th, 5th, or other order products can be

printed from the same computer program with minor modifications.

The power level of the IM product can be approximated from

(IM) dblM = (m) [dbfp ] + (n) [ dbfq ] .
m, n = integers

(4. 1-3201

For example, consider the power spectrum of Figure 4-64.

-3 db

-6 db

L
I

fl fz f3 f4

Figure 4-64. Power spectrum.

The power level of the 3rd order IM of fl and f2 is

(IM312) db = (1) [-0 db] + (2) [-3 db] = -6 db .

The power level of the 5th order IM of f3 and f4 is

(IM534) db = (2) [-3 db] + (3) [-6 db] = -24 db .

Thus, it is quite evident that higher order products of weak signals

can be deleted from calculations due to their relatively low power

content.
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Although the fifth and higher order products are dropped for power

considerations, the 2nd and 4th order terms are not used for an

entirely different reason. The IM products are of interest only

because they may cause interference with other signals. All of the

carriers fci will be between 2, 200 and 2,290 MHz. Thus, the

IM frequencies of interest will be in this range. Since fci - fck

will be on the order of only a few megahertz, this 2nd order product

can be ignored. Likewise, since fci + fck will be approximately

4,400 MHz, this 2nd order product can also be ignored. The

2 fci + 2 fck 4th order products are dropped for the same reason.

To compute only the 3rd order product, the following formula will

give all the appropriate IM products without considering Doppler
effects.

2(fci - Xj) - (fck - XI)
1-3zz)

where fck = fci + Bik,

and

fc i = fcl + Bli ' fck = fcl + Blk ' (4. 1-322)

i, k = 1 to 4 Bki = 0 when i = k X 1 = 2342.000 kHz

j, I = 0 to 4 X o = 0 Xz = 2339. 892 kHz

X3 = 2339. 821 kHz

X4 = 2269. 820 kHz.

Only the difference products are calculated as the sum products lie

outside of the range in which we are interested.

In a similar manner, the 5th order IM product can be calculated by

3 (fci - Xj) - 2 (fck - Xi) . {4. 1-323)

Again, only minor modification to the existing computer program is
required.
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As an aid to familiarity now and a necessary part of the tape method
to be described later, the important 3rd IM products may be devel-
oped in terms of the 3rd IM products of the tones in one channel
(Channel 1) and the frequency separations of the other channels from
Channel 1 (Blz, B13 , and B14) •

If equations(4.1-322) are substituted into equation (4.1-321) the

expression for 3rd order IM products becomes

2 (fcl + B1i Xj) - (fc, + B, k - XI) ,

and collecting terms gives

(fcl + Xl - 2Xj) + 2 B li - Blk • (4. 1-324)

Further, if we specify i = k = 1 for Channel 1, then Blj = Blk = 0
and equation( 4.1-3Z4) becomes

F lj_ = (fCl + Xi - 2 Xj) i, j = 0 to 4,

which is the expression for all desired tones and 3rd order IM

products characteristic of Channel 1. By replacing fc by fc ,
1 2

fc3 , and fc4 , we may obtain the characteristic spectrum of each of
the other channels; in fact, if i = k= 2, 3, and 4 in equation (4. I-3Z4)

the spectrum for each of these channels results.

By allowing i and k to take on all the values 1, 2, 3, and 4 in

equation (4.1_324) we obtain a list of spectra containing as a common

term the spectrum of Channel 1 (fcl + Xl - 2 Xj) which will be

represented by Fljf

Channel 1 = Fijl

Channel 2 = Fijl + Biz

Channel 3 = Fijl + B,3

Channel 4 = Fljl + BI4

2 (FIjl) - (FIj _ + Blz) = F,jl - B,z

2 (Fijl) - (F,jl + B,3) = Fijl - B,3

(4. I-3Z5)
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2 (Fljl) - (Flj! + B14) = Flj! - B14

2 (Fljl + Blz) - (Fljl) = FIjl + 2 Blz

2 (Fljl + B13) - (Fljl) = Fljl + 2 B13

2 (Fljl + BI4) - (Fljl) = Flj_ + 2 BI4

2 (Flji + BIz) - (Fljl + B13) = Flit + 2 Blz - Bl3

2 (Fljl + Blz) - (Flit + B14) = Flj_ + 2 BIz - B14

2 (Fljl + B13) - (Fljf + Blz) = Flji + 2 B,3 - Blz

2 (Flji + B13) - (Fljl + Bl4) = Fljl + p Bl3 - Bl4

2 (Fljl + B14) - (FIjl + B,z) = Flji + g Bl4 - Blz

P (Fljl + B14) - (Fljl + B13) = FIjf + g B14 - B,3

(4. 1-325 cont'd)

The above list represents sixteen sets of Flj _ which move relative

to each other as functions of Blz , B13 , and ]314 By plotting all

the tones and intermodulations represented by FIj _ = (fcl + Xf - 2Xj)
on sixteen identical tapes with X 0 , Xl , X z , X3 , and X4 taking on

the values previously assigned, it was possible to construct a tape

analog which shows the movement of all tones and IM products as

functions of the frequency separations between stations.,,' c

In order to observe the relative position of any 3rd order IM pro-

ducts and the desired tones of all four transponder transmission, one

of the sixteen identical F ljr tapes must be positioned relative to

Channel 1 for each value of the Bii , Bik terms listed in equations

(4.1-325).This observation is the key to the tape analog which is an

important aid in visualizing and understanding the results of the

computed data. Due to the doppler shift resulting from the vehicle's

motion relative to the transponder stations, there are three varying

separations in transponder channel frequencies which continuously

affect the spectrum and interference frequencies. The computer

output gives discreet values at various sample intervals. The tape

analog helps coordinate this data and enables one to more easily

understand and predict the effects of various changes in the difference

frequencies on the IM products and the resulting interference, if

any.

':"See Note A, pages 4-200 through 4-202
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In summary, the tape analog consists of sixteen tapes of graph paper,

each representing a set of 3rd order IM products dependent on B 1i ,

BI k as listed by equations (4.1-325).On each of these tapes, the IM

products of all the ranging tones with each other and with the carrier

are computed and marked along a frequency scale on the bottom of

the strip. The height is proportional to the power ratio in decibels

of the specific product. Since the ranging tones have the same

frequency separation in every channel, the IM products are the

same in all channels and all sixteen strips are marked exactly the

same. Another tape is marked with a frequency scale and reference

frequencies.

In use, the IM product tapes are placed adjacent to the fixed refer-

ence tape. By displacing the reference frequency on each tape an

appropriate distance, which is a function of Bli , Blk ' from the

fixed reference, it is possible to correctly position all IM products

with respect to each other. This allows a quick visual inspection of

the separations of the IM products and the desired frequency and

indicates which IM products are causing interference. The utility

of this method is fully realized when the doppler shift is brought into

the problem.

The two-way doppler frequency shift is described by

fci + fdi= F c 1 + I + 2--c + .(Vrc / (4. 1-326)

where fdi = doppler frequency shift, V r -- relative velocity target

to receiver, and c=velocity of propagation.

The /( Vr \)z term is of the order of 10 -l° and will be neglected.
.\ c

The sign of the frequency shift is determined by that of the relative

velocity. If the transmitter and receiver are approaching each

other, the sign of the doppler velocity is positive; thus, the frequency

received is fc + fd" For the case of a transmitter and receiver

receding from each other, fd will be negative, f3y measuring the

doppler shift and the phase shift of the received signal, the velocity

and range of a target can be determined.

Referring again to Figure 4-61 , it is noted that as the vehicle is

moving away from Station #1, the frequency transmitted }'V that

station is changed to fcl +fdl where fdl is the negative doppler
associated with the vehicle and Station [[1. In a similar n,anner, {he

4-189



frequency received from Station #4 is changed to fc- + fd- since the

two are approaching each other. Although it may a_pear_hat this is

a one-way doppler situation, this is not the case. The stations are

actually transponder stations (i.e. they receive a signal from the

vehicle (Fc) and retransmit a shifted frequency fci which includes

the doppler equation (4. 1-326). The frequency from the vehicle has

been increased by the doppler shift. This is the frequency which

is shifted and retransmitted by the transponder and is subject to

approximately the same doppler shift going back to the vehicle so that

effectively there is a two-way doppler frequency shift.

It can be seen that the interference problems are greatly increased

by doppler effects. Although the frequency spectrum designated

may not be in any regions which would cause interference without

doppler, it is possible that with doppler the IM products will be

shifted into such a region. Both the computer program and the tape

analog are used to find a set of transponder frequencies which will

minimize intermodulation interference under the most severe

doppler conditions.

Three bandwidths,Bik,are needed to define the separation between

the four carrier frequencies. The largest of these bandwidths

should be as small as is feasible from equipment design and frequency

allocation considerations. The optimum spacing was found from an

examination of the tape analog with interference tests run on the

computer. The bandwidths finally chosen were B12 = 0. 31 MHz,

B13 = 3.40 MHz, B14 = 3.80 MHz.* The four frequencies will be

separated by these amounts if the receiver's velocity relative to the

stations is zero. For non-zero velocities, these frequencies will be

shifted by amounts depending on the doppler. From the IM formula,

equation(4.1-321), it is seen that

2[ (fci + fdi ) - xj] - [ {fck ÷ fdk ) - xf] =

(2fci fck ) ÷ {x_ 2xj) t (2fdi

But from equation (4-321)

( 4. 1 - 327)

f ck ; fcl _ Bl k , fci-: fc:i t Bli

and 2fci - fck = tcl _ d BI_ - Blk

*See: Note A , pages 4-200 through 4- 202.

4-190



and the expression for the 3rd order IM product as received by the

moving vehicle is

fcl 4 2 B1i BI k + (x_ - 2 xj) + (2 fdi - fdk).

(4. 1-328)

From this, several useful facts can be inferred. First, tapes can be

used as described earlier by simply adding the frequency components

caused by the doppler shift. This is extremely helpful as a manner

of visualizing the system and understanding and predicting the behav-

ior of the IM products as the doppler is shifted with changes in

relative velocity. From this, an idea can be gained of when inter-

ference can be expected and how long such interference should last.

This will be elaborated on in the discussion of doppler and dwell

time graphs.

The second important fact is that the IM product of the doppler

components contains twice one of the components. This means that

an IM product can shift into an interference region from twice as

far out as the greatest doppler frequency. It is also well worth

remembering that the doppler frequency, unlike other frequencies,

can be negative. Therefore, the difference frequency of the IM can

actually be the sum of the absolute values. This also extends the

interference capability of an IM product.

The computer program used employs the following procedure. A

maximum doppler shift is chosen from the maximum relative velo-

city to be expected plus a safety margin. Using this shift, upper

and lower limits to the band separations are set and tests are made

for all possible combinations which can result. For three different

bands, B1z , B13 , and B14 , with three different values for each

one (a center Blk + 160 kHz), there are 27 possible combinations.

The program is started with the three smallest band separation

values, and the third one is incremented twice until it reaches its

maximum value. Then the 2nd band is incremented, and the 3rd

band is returned to the small value and runs through the process

again. Again, the 2nd band is incremented until it reaches its

maximum value, and then the first band is incremented. In this

way, all 97 cases are represented. Increments chosen were

160 kHz. 25

For each of the above cases, all of the IM products are computed,

and the closest frequency to the carrier or a band containing the

desired tones is found and printed out. For each such frequency,
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five numbers are printed out. The i st and 3rd numbers indicate
the bands which are beating together to produce the IM product.
The 2nd and 4th indicate the frequency components in the respective
bands. The carrier which is being interferred with is represented
by the fifth number. The same operation is then performed with
respect to the sidebands in each transponder spectrum. The same
data are printed out with the exception that now the 5th number

represents the sideband being interferred with rather than a carrier

frequency.

Again, the computer and tape procedures complement each other.

The computer gives only the frequency closest to the desired band.

There may be one or more only a short space away from this which

would also interfere. The tape will clearly indicate these products

and give an accurate estimate of their spacing. The accuracy from

which calculations are made, however, is obtained with the computer.

Specific Application. The tests made by the computer determine

whether there is interference present within the doppler shift

considered (± 160 kHz). To predict the effect of potential inter-

ference for a particular trajectory and set of transponder stations,

it is necessary to obtain doppler and dwell time curves for each

station. Trajectory data relative to a number of stations is avail-

able for a 105 ° bearing launch to a 200 km circular orbit. 26

Shown in Figures 4-65 through 4-70 are graphs of doppler frequency

versus range time for six transponder stations.

A graphical method was used to obtain the dwell time, which is

closely related to the time derivative of the doppler frequency. On

each figure, the dwell time curve gives the time period required for

the doppler frequency to traverse a particular frequency interval.

Thus, if it is determined that interference will occur in a particular

frequency interval, the dwell time curve can be used to predict the

time interval of interference.

It will be noted that different frequency intervals are used for dif-

ferent dwell ti1_e curves. This results from the wide variations in

doppler frequency for different transponder stations and an even

wider variation of the time derivatives of these curves. However,

for obtaining first approximations, the values nlay be "scaled";

that is, if it is indicated that a 6. 0 second dwell time is involved for

a 2. 0 kHz interval, then it might be estimated that the dwell time

for a I. 0 kHz interval would be 3. 0 seconds.
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From the computer data, it was found that interference resulting

from Channels 1 and 4 may occur twice while those resulting from

Channels 2 and 3 may occur three times. Thus, the optimum

arrangement would be to assign two transponder stations to each

Channel 1 and 4 and one station to each Channel 2 and 3. The

optimum arrangement is shown in Table 4-20.

Table 4-20

OPTIMUM CHANNEL ASSIGNMENT FOR

105 ° BEARING LAUNCH, 200 KILOMETER, CIRCULAR ORBIT

Order of Station Assigned

Acquisition Location Channel

1 Cape Kennedy 4 (B14 = 3.80 MHz)

2 Jupiter 1 (B11 = 0.00 MHz)

3 San Salvador 2 (Blz = 0.31 MItz)

4 Grand Turk 3 (B13 = 3.40 MHz)

5 Bermuda 4 (BI4 = 1.80 MHz)

6 Antigua ! (Bjl = 0.00 MMa)

By the use of the tape analog in conjunction with the computer data,

the interference danger areas were examined for the given trajectory.

The doppler shifts in about 80 per cent of the cases move so as to

increase the separation between the desired signal and the inter-

ference products. In cases where the doppler decreases, the IM

products remain out of the critical regions.

The maximum values chosen as a test for the computer program will

not be reached for the trajectory under study, and there will be no

interference at any time during the launch phase as a result of

doppler shift.
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NOTE A : The work recorded in this section pre-dates that

given in the Mathematical Analysis For Determining Effect of

Nonlinearity on AROD Airborne Receiver Using Phase Modulation

starting on page 4-151 and fails to consider those intermodulation

frequencies created by three different tones. As a result, the

quantitative results achieved here are subject to doubt. With

these additional undesired frequencies cluttering the spectrmn

in the Vehicle Tracking Receiver, it becomes doubtful if any

channel spacing will give an entirely clear frequency band for

operation without IM interference when doppler effects are

included. The bands recommended here will serve to minimize

these effects and certainly should pose no problem for the tra-

jectories and transponder stations analyzed. Even if the quanti-

tative results do not have the validity that we originally expected,

the technique is still valid with the following extension.

Let any third order IM be represented by

Fi, j,k/l,m,n = (fc i - X_) + (fcj- Xm) - (fck- Xn )
(4. 1-321a)

for lower sideband transmissions where

i, j, k = 1 to 4 channel numbers , and

l, m, n = 0 to 4 with tile same values of N/ given in equation

(4. 1-322).

fci = fcl + BI i,

fcj = fcl + BI j
and (4, 1-322a)

fck = fc 1 + B1 k

For double sidebands, equation (4. 1-32 la) becomes

Fi, j,k/_,m,n : (fc i + XR) + (fcj 4- Xm ) _ (fck ± Xn)

and a fifth order spectrum would consist of five different tones

such that
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Fi, j,k,f,m/n,°,P'q'r = (fc i ± Xn) + (fcj

where

± X o) + (fck ± Xp) -

n,

(fcf ± Xq) - (fc m + Xr) (4. 1-323a)

j, k, 1, m = 1 through 4 channel and

o, p, q, r = 0 to 4 tones referenced to the carrier.

The spectrum produced by channel one alone becomes

(i, j, k = 1)

= 2 fc 1 - (X1 + Xm - Xn) and
Fl/l,m,n

for channel two ,

Fz/f,m, n = Zfcz -

but fcz fcl + B1z

(X_ + X m - Xn)'

and we get

Fz/f,m,n = ? fc 1 - (X_ + X m -X n) + Btz

= fl, f, m, n + Blz .

(4. 1-3Z4a)

Likewis e,

= 51, f m, n + B13F3/_ , m, n

and

F4/f,m, n = fl,f,m,n + B14

To avoid repetition, we can follow the development of

equation(4. 1-32b-)to get like terms involving the spectrum

of a single channel, F1, f, m, n as listed there for Fljf

There will, however, be additional frequencies involving

three channel spectra at a time.

Ft/._,m,n + Fz/_,m,n - F3/_,m,n = Fl/f,m, n + Blz - B13

Fl/i,m,n + Fz/i,m,n - F4/f,m,n = Fl/f,m,n + Blz - B14

Ft/f,m,n + F3/_,m,n - Fz/f,m,n = F1/i,m,n + B13 - Blz

Fl/f,m,n + F3/f,m,n - F4/f,m,n = Fl/f,m,n + BI3 - B14

F1/i,m,n + F4/i,m,n - Fz/f,m,n = F1/f,m,n + B14 - Blz
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Fl/f,m,n + F4/f,m,n - F3/f,m,n = Fl/f,m,n + B14 -BI3

Fz/f,m,n + F3/_,m,n - F1/f,m,n = Fl/_,m,n + Bxz + B13

Fz/i, m, n + F4/_ ,m, n - Fl/f ,m, n = FI/_ ,m, n + B, z + B, 4

(4. 1-325a)

F3/f , m, n + F4/f , m, n - FI/f, m, n = F,/f, m, n + B,3 + B,4

So we see that, in order to consider the three tone third order

IM product frequencies, it would be necessary to add nine

more tapes to the sixteen already considered, as well as revise

the single channel spectrum FI 1,m,n " The analysis using

twenty-five tapes was not done; however, it may be profitable

to pursue such an analysis once the desired spectrum of any

channel is fixed in order to determine the most desirable

spacing between channel frequencies.

4.1.3.7 Demodulation

Mixer Signal and Noise Spectrum Analysis z7 - During the system design

of the vehicle tracking receiver, the decision to use a square law de-

tector for the demodulation of the range tones in the vehicle tracking

receiver was made. The use of a square law device eliminated the

phase error in the carrier phase-locked loop from the four range tones.

The degradation to the input signal-to-noise ratio as a function of

input signal power for this device was not known at that time, and the

large signal-to-noise ratio case was used.

The detailed derivation of the signal-to-noise ratio for heterodyned sig-

nal at the output of a mixer is presented. The two input signals to the

mixer are assumed to be contaminated by band-limited white noise

centered at the input signal frequencies. The power density spectrum

of the signal and noise components at the mixer output are found by

taking the Fourier transforms of their derived autocorrelation func-

tions. After passing the mixer output through a bandpass filter, the

power density spectrum is used to compute the total output signal and

noise powers and the signal-to-noise ratios.

Technical Discussion - Prior to proceeding with the actual analysis,

some basic definitions and concepts will be reviewed very briefly.

The areas that will be reviewed are:

.

2.

3.

4.

Fourier Transforms

Dirac Delta Functions

Autocor relation Functions

Power Spectral Density
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Fourier Transforms The direct Fourier transform can be

written as

o0

_ -jc_t
I f(t)e dt _- F {f(t)}

-(X:)

(4.1-3z9)

The inverse Fourier transform can be written as

cO

f(t) = _ g(_) e jc°t

-00

d¢_ = F -l {f(¢o)}
(4. 1-330)

The necessary conditions on f(t) as described on page 185 of
Reference 28 are assumed to be met. '1"+ The factor of

1 in equation (4.1. 329) could have been used alternatively in
2+r

equation(4.1-330). For the purpose of this report, it wili be used as
indicated.

A hueristic derivation of equations (4.1-329)and (4. 1. 330) starting

from the Fourier series representation of a function, is given in

Chapter 8 of Reference 28. By means of equations (4.1-3Z9) and

(4.1-330), it is possible to determine all the amplitudes of the freq-

uency components, g(w) , that make up a certain function, f(t) , if

f(t) is known or, conversely, determine f(t) if the amplitudes of all

the contributing frequencies are known. These amplitudes are com-

plex in the general case. For periodic functions, g(_o) will be dis-

continuous and will have values of amplitude only at integral multiples

of the fundamental frequency (line spectrum). For non-periodic

functions or a periodic function with an infinite period, g(c0) will be

continuous and have amplitude vaiues at ali frequencies (continuous

spectrum).

Dirac Delta Function - The Dirac Delta or Unit Impulse function is

defined as

':<Dirichlet conditions and absolute integrability.
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8(x - Xo) =

('

j 5(x - xo)dx
= 1 and

x = X O

X _ X O,

(4. 1.331)

6(x- xo) _ 6(xo - x)

Frona the above definitions of the Dirac Delta function, it follows

that

00 o0

ILl(x) 5(X --Xo)dX = f(Xo) I

--00
--00

6(x - Xo)dX = f(Xo).
(4. 1-33Z)

Equation (4.1-332)is known as the Sifting Integral.

Some useful properties utilizing the Dirac Delta with Fourier trans-

forms will now be shown.

Delta function,

Taking the Fourier transform of the Dirac

oO

II 5(x - x o) e -j x_ dxF {6(x- xo) - Z=
-o0

(4. 1-333)

where the variable, x, is used in place of t in equation (4. 1. 329)

From the property of the Sifting Integral,

F {6(x - Xo)} = (_) e-JX°°_ (4. 1-334)

Performing the Fourier inversion of equation (4. 1-334);

cO

--!--lzTr F-I {e-Jx°¢°} - 211"1 _' e -jx°¢_ e jx_ d¢o
-00

or

: 5(x - Xo) '

F -I {e -jx°_} = (2_)5(x - x o) • (4. 1-335)
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Considering the Fourier transform of the Dirac Delta functions,

6(x - x o) + 5(x + Xo),

00

I [6 (x + 6(x + ]e-J_x
F (x-x o) + 6(x + xo = Z--_ - xo) xo) dx,

_o0

_jXot o
= l-l- [e + eJX°U_] and

2=

1 (4. 1 -336)
= (_) cos _x o

Taking the Fourier inverse of the result in equation (4. 1-336),

or

0o

1 F-*{costox o} = 1_'_- _- (cos tOXo} e jt°x d co

_00

(4. 1-337)

: [6(x-x o) + 6(x+ Xo)]

F-*{cos_xo) : _[6(X-Xo)+ 6(X+Xo)]
(4. 1-338)

Autocorrelation Functions and Power Spectral Density - The

definition of the time autocorrelation function, R(T) , of a sample

function, y(t) , of a random process given on page 104 of Reference

29 is

T

lira 1 SR(T) = T._ oo 2T y(t) y_:'(t- w) dt (4. 1-339)

-T

where the asterisk denotes the complex conjugate of the sample

function if it is complex. Equation (4.1-339) holds for any arbitrary

function of time (not necessarily random) if the limit exists.
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The statistical autocorrelation function,
is given by

.I.

R(T) = E [y(t) y" (t - T)]

R(T) , of a random process

(4. 1-340)

where the right side of equation (4.1-340) represents the statistical

expectation of the indicated product. If the process is ergodic

(roughly defined as time average of the process equals its statistical

average) , then

R(T) = R(T) . (4. 1-341)

It is assumed that the processes considered in this analysis are

ergodic.

For functions representing real processes (random or otherwise),

the complex conjugate of the spectrum of the function equals the

spectrum with a negative argument (i.e. g*(_) = g(-c0) where g(0_)

is the spectrum of the function). Inasmuch as this property will be

used later in the report, it will be demonstrated {not proved) by an

example. All processes that will be considered here will be real,

and the asterisks in equations (4.1-339) and {4.1-340) are unnecessary.

Consider the real function,

y(t) = a cos c%t + b sin wlt (4. 1-342)

This can be represented exponentially as

g*(co) = (a + Jb) 6(c° -c°l)+2 (a -jb)_ /i(co + _oi) (4. 1-343)

Combining terms in equation (4. 1-343),

y(t) - (a - )b) eJa_lt (a + jb) e-J_lt
2 + 2 (4. 1 - 344)

The spectrum of the above function is found by taking its Fourier

transform,
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g(e) 1 _' e-jco t= 2-4 y(t)
_00

dt , such that

(4. 1-345)

1 j' (a- Jb) eJ(e] -e)t 1 _'(a + jb)= 2--_ "" 2 dt +-Z_ - 2 '
_00 -00

eJ(-co - ei)tdt .

From the properties of the Dirac Delta function described previously,

equation (4.I-345) be come s

5(e - tol) + a_ 6@o + et). (4. 1-346)

Equation (4.1-346) can be thought of as two impulses, one at co = col

and one at co = -col,with "strengths "equal to the complex ampiitudes

and a +jb respectively.
2 2 '

From the requirements of a real process, g*(co) must be equal to

g(-co) . This is shown below for the particular example considered

g*(co) :: (a + jb) (a- jb)5(co + col)5(co - to l) + _ , (4. 1-347)

(a@) (a+_--J--b-_ 8(-e+ tol) andg(_co) = + 2 /

= (co+e_)+ \ 2 I "

A word might be said at this point concerning the power in y(t).

find the average energy or power in y(t) ,

Power

T

T

0

T

T
O

To

Y z (t) dt T 2Tr= -- and
toI (4. 1-348)

[a z cos z to it + 2 ab cos to I sin coI t + b z sin z _l t ] dt •
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Carrying out the integration in equation(4.1-348)results in

[ Power ]
a z + b z

Also, from equations (4.1-346)and (4. 1-347),

(4. 1-349)

[g(co)][g-':,(¢0)] = [(a Z+ jb)6(¢0-_o_) +(_-_)6(_ + _)]

6(_-_) + 6(_ + _l)

, (4.1-3_o)

(a + jb)(a - Jb) 6(_ - _,) + Ca - jb)(a + jb) 6(_ + _,)
= 4" 4

and

aZ + bZ [-5(_
L4 _l) + 6(_ + _l)l "

The above result demonstrates that the amplitude spectrum of a

signal times its conjugate will give the spectral density of the

signal. In the signal of the example shown above, half the power is

contained in the positive frequency, ¢Ol , and half in the negative

frequency, -¢ol.

Considering some additional definitions that will be used later, the

power spectral density, S(_) , is also defined as the Fourier trans-

form of the autocorrelation function or ,

oO

' - j_.,rS(co) - I R(T) e dT (4 1-351)
Z'n"

0(3

From the properties of the Fourier integral, R(T) can then also be

written as

o0

R(T) -- S(_) _jcot dt (4. 1-352)

_00
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A rough explanation of the above definitions will now be given.
Consider first an arbitrary periodic function (not random). A
Fourier series representation of the whole function can be written
from the knowledge of the function during any period by standard
Fourier series expansion techniques. If the periodic function is now

considered to be a random periodic function, then a Fourier series

representation of the function using the function representation from

one period will not necessarily hold for any interval outside the

period considered. If a Fourier series expansion were performed

for each period of the periodic random process, the result would

be a set of sine/cosine terms for each period. One thing each set

would have in common would be the fundamental and multiple

frequencies from the identical period lengths. The quantity which

changes from one set of sine/cosine series to another would be the

coefficients of the sine/cosine terms at the particular frequencies.

These coefficients would, in fact, be the random variables that

determine the random process. A representation of the composite

function could then be made only by treating these coefficients in

some statistical sense.

Since the coefficients at the particular frequencies determine the

power for that frequency, the power must also be treated in some

statistical manner. The power spectral density is actually formed

by taking the expected value of the square of the coefficient at each

particular frequency. It can be shown (Chaptcr 6, Reference 29)

that the relationships in equations(4.1-351)and(4.1-352) result from

such a representation. It can also be shown (Chapter 6, Reference

29) that as tile period approaches infinity the same relationships

hold, and the power spectral density becomes continuous instead of

discrete. No attempt will be made here to prove the above state-

ments since the proofs are rather lengthy and involved. The proofs

are given in Chapter 6 of Reference 29, and the subject is also

discussed in Chapters 1 and Z of Reference 30.

Analysis. A simplified diagram of mixer operation is shown in

Figure 4-71 , where

sl (t) incoming signal at frequencyol ,

s z (t) signal which, when mixed with sl (t) ,

will result in desired new frequency,

(t) noise associated with the receipt of sl (t) ,
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nz (t) =

s(t) =

n(t) =

noise associated with

output signal and

output noise.

s 2 (t),

For ease in carrying out the analysis, the signals sl(t)

will be considered as sinusoidal, and the noises nl

will be assumed to be white noise. In other words,

si (t) = A1 cos c01 t and

s2 (t) = Az cos coz t

and Sz (t)

(t) and nz (t)

let

s 1 (t) + n I (t)

sz(t) + nz(t)

s(t) + n(t)
l*

Figure 4-71. Simplified Mixer Operation

A few words might be said about the white noise assumed in the

analysis. The characteristic that distinguishes white noise

is that, if the power at any frequency of the noise (the frequency

spectrum of the noise is continuous rather than discrete since there

is no period associated with the noise) were measured, it would

approach the same value for ally frequency chosen. However, if

the instantaneous amplitude of the noise at any frequency were to

be measured, it would be found that the average amplitude over a

long time would approach zero. In statistical terms, this could be

represented as

'_[ a(_)l : 0 _,nd

E [ a(c0)a*(_)] = Constant
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where a(co) is a random variable (or function) representing the

instantaneous amplitude of the noise at angular frequency co,

E[ a(co)] is the expectation or average value (mean) of the

instantaneous amplitude at angular frequency co, and I72[ a(co)a*(co)]

is the expectation or average value of the power at angular frequency

CO.

Prior to entering the mixer, the input noises from the original noise

sources were frequency limited by some type of bandpass filter.

This means that not all frequencies associated with the original

noise will have to be considered. Only those frequencies passed by

the bandpass filter need be taken into account. The power spectral

density S(co) may then be represented as

E[a(_)a*(_)] B < ca < _0a +
S(_)

B

_a - -_ -- -- -_
for

B2

B <_ < _a + --'- -g - - 2

= 0 for other values of w,

ca>O

< 0 (4. 1-353)

where coa is the center frequency and B is the bandwidth of the

bandpass filter. Letting Sn. (co) and S n (co) be the power spectral

density of nl (t) and n z (t) ' z, respectively, the power spectral

densities of these input noises can be represented as shown in

Figure 4-72.

In Figure 4-72 ,

E [ a, (_)a_ "_ (co)]

E [ aa ( )a7 (co)]

B1

= NOl ,

= Noz ,

= Bandwidth of ideal passband filter centered at co]

that passes nl(t) and

B 2 Bandwidth of ideal passband filter centered at coz

that passes n z(t)

For purposes of illustrating a specific example, it is assumed that

Ba > B1 , 2B1 > B a , and coz > col

The power spectral densities Ssl(co) and Ssa(co) of sl(t) and sz(t),
respectively, can be found in the same manner as the derivation of

equation (4.1-350) ar_l axe shown in Figure 4-73 .
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The output of the mixer, s(t) and n(t), is obtained from

s(t) + n(t) = K [sl(t) + nl (t) ] [ szCt) + n 2{t)] C4.1-354)

where K is a constant of the mixing process. Since the ratio of

signal-to-noise power is to be considered, the constant K (dimensions

of volt-1) will be cancelled out in forming the ratio. Therefore, in

the remainder of the analysis, K will be considered equal to one and

will be dropped from all expressions. Then,

s(t) + n(t) = sl(t} sz(t) + sl(t) nz(t) + sz(t) nl(t) + nl(t) nz(t}. (4. 1-355)

From the above, it can be seen that the desired mixed signal, s(t), is

s(t) = sl(t) sa(t)

and the noise is

n(t) = sl(t) n2(t) + sz(t) nl(t) + nl(t) nz(t)

Substituting the assumed values for sl(t) and

(4-356} and expanding ,

(4. 1-356)

(4. 1-357)

sz(t) into equation

sit) = [A, cos _,t] [A. cos _zt] - A, Az [cos 1_, +_21t + cos(_, - _}t] .2

(4. 1-358)

Although it is not necessary in this case, it might be of value to

find the power spectral density of s(t) by first finding its auto-

correlation function and taking the Fourier transform of the auto-

correlation function. Considering the
AIA_

cos (_l + C°z)t

component of s(t) and using the expression for R(T) from equation

(4-1-339).
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T

lim 1 _[' AIAz

R{T) = T-_ oo 2T _ 2

-T

cos(co I + coz)t_A_ Az cos(col +_z) (t-T)jdt and

lira 1

=T -_°° ZT
cos(2co It + 2_ zt - colt- cozv)dt

vTTTdr+., cos(_1 _z

-T

(4. 1-359)

Looking at the first term of the expansion in equation (4.1-359) and

carrying out the integration,

First = lira 1 A z 1

LTerm T "-*oo 4T 2(¢°1 + COZ)
sin(2coIt + 2_zt - col T- coz T)

lira
and =

T ,-_ oo
At Az )z2

I [sin(2_ IT + 2_ zT - coI T- coz T)

8(col + coz) [ T

sin(-2_ IT - 2_ zT - cola" - coza")

T j (4.1-36o)

Since the sine terms in equation (4.1-360) are never greater than one

in absolute value, taking the limit as T -* 0o results in equation

(4. 1-360) being equal to zero.

Looking now at the second term of the expansion in equation (4. 1-359),

4-215



[Second] lim (.A1 Az .'_zTerm = T-_oo _]

T

1 S_- c o s (_* + _oz) T

-T

dt

T-*o0 Z

T

t

2T

-T

T_°° Z

(4.1-361)

and

= (-_-_)z c°s (c°| + _Z)T
2

So that, for the case considered,

R(.) - A.Z A_ cos (_, +_2) • (4.1-36z)
8

The power spectral density can then be found using equation (4. 1-351),

o0

S(0_) = 1 SAI ZAzZ -justZ'--_ 8 COS (e I + _0Z)T e dT

_0o

(4. 1-363)

Changing cos (c01 + coz) into its exponential representation,

s(.,)

o0

_oo _0o

(4. 1-364)

From the properties of the Dirac Delta function, equation (4. 1-364)

be corn e s

S(c°) AlZAzZ[ ]= 16 6(u_ + e I + Oz) + 6(u_ - co1 - _z) •(4. 1-365)
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The above result shows that the total power in the signal,

A 1 A__ A1 z A2 z
2 cos (¢o1 + _z) t , is 8 with half the power at ¢o = ¢oI + ¢oz

and the other half of the power at _ = -(coI + _z) This result could

have been obtained more directly by using equation (4.1-3481. A

similar analysis will give the power density spectrum of

A1A__
2 cos (_z - _l)t. The power spectral density, S s , (_)

1 S2 '

for s(t) is shown in Figure 4-74.

Impulse Area

16

-co

oo

A

!

-CO 1 -CO 2

Impulse Area

_ A12 A_

16

i

S s

I
0

sz( )

h_
O0

Impulse Area

A:A 
16

_Impulse Area

_A_A_
m

16

tO 1 -CO 2 CO2 -CO 1 CO1 + CO2

Figure 4-74. Power Spectral Density of Mixer Output Signal, s(t)

Considering now the sl(t) n2(t) contributor to the mixer output noise

n(t) from equation (4.1-339), the autocorrelation function, Rsl ' nz(T),
of sl (t)nz(t) is

T

lira 1 SRsl,nz (T) = W _oo 2"--_ si.(t)nz(t ) sf:'(t - v)n_(t - v) dt. (4. 1-366)

-T
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Since n(t) cannot be described in an explicit fashion as a function of
time, it must be considered in a statistical sense using its known
statistical properties. This implies that Rsl ' nZ(T) must also be

handled in a statistical manner. Taking the expectation of Rsl ' n z(T),

T

E[Rst,nz(T)] = lim 1___ E[nz(t)n*(t - T) ] s, lt)s]_(t - T) atT-_oo 2T

-T {4. 1-367)

Since the expectation is an ensemble average of functions representing

a random process, the expectation operator in equation (4.1-367)will

operate only on the nz(t)nz"(t - T) function. Using the relationship

from equation (4.1-340) and the assumed function for sl(t), equation

(4.1- 367Ibecomes

T

E[Rsl,nz(T)] =T__0olim I__2T

-T

Rnz(T)[A 1 cos olt][A 1 cos ol(t - T)] dt and

tim A_ Rnz (T) T

T -_oo 2T

-T

[cos Olt cos ol(t - T)]dt .

(4. 1-368)

The evaluation of the limit and integral in equation (4.1-368) is

accomplished in the same manner as demonstrated in equations

(4.1-359) through (4.1-362). Equation (4.1- 368) then becomes

E[Rs, ' nz(T)] = [Rnz(T)] [@coso, T] (4. 1-369)

Expressing Rnz(T) in terms of its power spectral density, Snz(O),
as defined in equation (4. 1-352),

00

E[asl, nzlr)] = Snzlo) e +jwT coso I V

-o0

de {4. 1-370)

Writing cos c01 _- in its exponential representation,
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E[R -
' 2

oo

_" eJ_T leJtoIT + e-J_ITSnz (to) ' Z 1

-00

dto and

oo

-0o

Snz (to)e.j(tO+ tol)T dto

oo

Snz (to)e dto

-00

(4. 1-371)

Considering the first term on the right side of equation(4.1-371)and

making the change of variable ¢_' = to +co I , dco' = dco,

_o oo+to 1

AlZ _ (to)eJ(to+tol)T dto AIZ i ' (to' - tol)Snz - 4 Snz

-00 -00 _- to1

ej(tO')T d¢o' and

(4. 1-372)

oo

_A_4 i'

-00

Snz (to' - toi) ejtO IT dto'

The portion of Ssl , nz (co} contributed by the expression in equation
(4.1-372) is the same as the power spectral density in Figure 4-72,

except it is displaced by an amount -col and multiplied by

A1

4
The situation is the same when the second term on the

right side of equation(4.1-371)is considered. The resulting power

spectral density of sl(t) nz(t) is shown in Figure 4-75.

Consider

nl (t) na (t)

function of this noise is

T

lira 1 _Rn,,nziT) = T-_o0 2T

-T

now the power spectral density, Snl (co), of the
contributor to the mixer output noise. T2eZautocorrelation

nl(t ) na(t ) n_:_(t - T) n_(t - T) dt. (4. 1-373)
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Again, taking the expectation value of the autocorrelation function,

T

E[Rn I nz(T)] = lim I, T -*0o 2T E[n,(t) ni:_(t-T)] E[nz(t) n_'(t-T)]dt.

-T

(4. 1-374)

The expectations in the integral of equation(4.1-374) can be taken

separately since the noises nl(t) and nz(t)are assumed to be inde-

pendent. Using the relationship from equation (4.1-340), equation

_.l-37Zi)can be written as

T

lim 1 _" _
E[RnI'nz(T)] = T -_Qo 2---T o RnI(T ) Rnz(T ) at,

-T

lira Rnl (r) Rn _ (T) _= T _°° 2T dt

-T

and

= Rnl (T) Rnz (T)

(4.1.37 5)

Taking the Fourier transform of equation(4.1-375)will result in

Snl ' n2(C0) as defined in equation (4. 1-352),

O0

1 "_ _ e-J _T
Snl, nz (to)= -_ _ nl (T) Rnz (T) dT

-GO
(4. l - 376)

From the properties of the Sifting Integral, equation (4. 1-376)can

also be written as

00 o0

,y, ,d dTSnl 'nz (to) 2w Rnl (T) e -just "_= _ Rnz (4. 1-377)
-O0 -iX)

From the relationship of the Dirac Delta function shown in equation

(4. 1-333), oo

1 e-J(Y-'r) s ds
5(T-y) - 2w (4. 1-378)

_00
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where s is some general variable of integration.

Substituting equation (4.1-378) into equation (4. 1-377),

00 00 00

Snl , nz 1_o) = ( 2 _')-----_

-00 -00 -00

Rn! (T) e'J t°'r Rnz (Y) e-J(Y-T)s ds dT dy,

O0 O0 CO

12 _')_" Rnl IT) e-Jlco-s) T "_Rn z
-QO -00 -CO

(y) e -jys ds dT dy

_0 O0 O0

= _' [-_w _ RnI(T) e-J(°_'S)TdTi [-_ _ Rnz (Y) e-JSY dyids
-00 -00 -00

and

o0

= Sn, (e-s) Sna

_00

(s) ds (4.1-379)

The integration of the result in equation (4.1-379)can be described

using Figure 4-76. The integration in equation (4.1-379)is simply

the area of the product of the functions represented by Figure 4-76

as ¢o changes. Effectively, the lower depicted function "slides" to

the right as _0 increases in a positive direction with resultant over-

lapping with the top function on intervals of the s axis that have a

value other than zero. The area of the product of the two functions

over the interval of the overlap is the value of the integral for that

particular value of ¢o. The same situation results when ¢0 assumes

negative values. The resulting power density spectrum is shown in

Figure 4-77.

To find the signal-to-noise ratio at the output of the mixer at ¢o = ¢0z

¢01 or ¢0 = ¢0z + ¢_* , the total signal power at either of these fre-

quencies is divided by the total noise power after passing through

some bandpass filter centered at the frequency considered. The

total power, both signal and noise, includes the power about the

positive and image (negative) frequency. However, for signal-to-

noise ratios the determination of the power about either positive or
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negative frequencies is sufficient and gives the correct ratio. The

total noise power for a particular noise source is the area under the

appropriate power spectral density function over the interval of the

mixer output filter bandwidth centered at the signal frequency. In

the use presently considered, it can be seen that the signal-to-noise

ratio is the same for co = co2 - col and co = col + coz •

Assuming that the mixer output filter bandwidth, BF, is equal to or

less than B 2 - B I , the signal-to-noise ratio at either frequency

becomes, from Figures (4-74), (4-75), and (4-77),

BF[A; ZNoz AzZNol ]4 + 4 + Bl N°l Noz

Al ZA2 z

4B F[AlzNoz + AzZNol + 4BINolNo z]

2 N°l + 2Bt N°IN°z

Sl Sz

2BF[SINoz + $2Noi + 2BiNoINoz]
and

j+ No z + 2B 1

(4.1-380)
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where SI -

Az z
Sz = 2 '

A.qz total power in incoming signal at _01 ,
2 '

total power in incoming signal at 00z

and

If $I Sz= >> B 1 ,
Nol Noz

then equation (4.1-380) becomes

s_r_ ) {4. 1-381)_ -- .4BF

It can be seen from equation(4.1-381) that the signal-to-noise ratio is

3 db less than if each signal were separately passed through a filter

of bandwidth B F since, under these conditions,

(s) _ s, _ S.
I in 2BFN°I "N Z in ZBFN°z

Also, if (SN__,)<<(SN__) and Bz << NoS11

equation (4.1-380) be comes

; then, since B z > Bl

(s)° - 2BF _ (4. 1-382)

Discussion of Results. A few comments will be made concerning

the apparent discrepancy in the result of equation (4.1-380) and the

result in equation (19) of Appendix D of Reference Z. It is

assumed that the representation of all the power spectral densities

in the IBM report refer to positive frequencies only and includes

the densities sometimes associated with negative frequencies. For

instance, Figure D-I in the IBM report depicting the assumed

white noise inputs could have been represented as in Figure4-7Z of

this report except the values of the densities would be halved. The

representation actually used in Figure 4-72 of this report was that

as defined on page i04 of Reference Z9. The positive and negative

frequency representation of power densities was used throughout this

report.

Another point that should be mentioned is that the power density

representation of the mixer output signal in Figure D-4(a) of the

IBM report appears to be in error. From the method of representing
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these densities by IBM, it is felt that the spectrum should have

been as indicated in Figure 4-78.

When the two factors mentioned above are taken into consideration,

the results of the IBM analysis and this report become identical.

Considering another aspect of the results, it might appear from

looking at the power density spectrum in Figure 4-77 that a reduction

in noise power from this spectrum could be achieved by making

B1 = B2 If this were the case, the power density spectrum would

be represented by triangles instead of trapezoids and presumably

the area (power) determined by the same value of B F would be less

in the case of the triangles. This is illustrated in Figure 4-7_ for

a portion of the spectrum about _02 - wl

Ill

Q)

A

Q)

O

oo

Impulse Area

w". 12s A? AI

o0

Impuls_ Area12s A, AI

Figure 4-78. Corrected Representation of Power Density of

Mixer Output Signal

A comparison of the noise power for the two conditions described

in Figure 4-19wii1 now be made. The total noise powers for the

representations in the figure are

I 1 B F Bl Nol No zNoise Power BI < B2 4 and (4.1-383)
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B F Bz Nol Noz [ BF ] .4 1 4B z (4. 1-384)

Taking the ratio of the two noise powers,

Noise Power IB * <B2 _ B1 BF

(4.1-385)
L JN°ise Power BI = Bz

Since B z and B F remain constant for a particular comparison, the

ratio in equation (4.1-385) is less for B I < B z than when the two

bandwidths are equal. Hence, no decrease in noise power results

when B I = B z In fact, for a given B z the noise power for the

noise contributor considered will be reduced as B 1 is smaller.

as a Function of _ for the Square Law
Evaluation of _ o -N- i

Detector Used in Vehicle Tracking Receiver 31

used in the calculations are represented by

The waveforms

vl(t) = [St (t) + Xl (t)] cos C0ct + Yl (t) sin c0ct and (4.1-386)

v z(t) = [S z (t) + x2 (t)] cos C0ct +y2 (t) sinc0ct

where information signals are denoted by S(t), the inphase compo-

nent, andthe quadrature components of noise are denoted by x(t) and

y(t), respectively.

The assumption is made that ratio of signal-to-noise power density

is the same in both signais and that signals $1 and S z are equal.

The bandwidths associated with the various components are listed

be low :

S I = in]pulse

S z = 70 kHz

xl = 30 kHz

xz = 270 kHz

yl = 30 kHz

Y2 = 27 0 kHz

4-229



_0c = 14. 052 MHz

coo = ii.710 MHz

First, consider mixing of the signals in a square law detector. The

expression v1(t) + v z(t) is squared and the spectral distribution of

the various terms is noted. The terms are presented in Table 4-2.1

along with the maximum noise contribution from each. The

noisetermsat 2_0o, Z_0c, and coc + _0o are disregarded. The terms

at zero frequency and _oc _ _0o are shown in Figure 4-80.

Next, consider mixing of the signals in a product detector (i.e. from

vl(t) v z(t)). The spectral distribution of the output products differs

in many respects from the output of the square law detector; how-

ever, the terms with a carrier frequency of ¢0c - _o are identical.

The terms from product mixing are presented in Table 4-7.2 and

shown in Figure 4-80. Since coc - ¢oo is the frequency we are

concerned with, the noise contributions from either detection process

are the same.

Equation(4.1-380) can be applied to the square law detector by con-

sidering only the detector output at the frequency _0c - _0o . An

equivalent form of this equation is

S] = S_S_
o Sl + Sz + Bl (4. 1-387)

no z no I no I no a

where

Si and S z are the powers in the desired signals,

no : power density of the noise with signal Si,
1

noz - power density of the noise with signal S z ,

Bi : least of the noise bandwidths associated with nol

and noz ,

B F = bandwidth of filter following detector and

no = noise power density in the output.

Equation (4.1-387) can be rewritten as

n° 1 n° 2

Si Sz
-- + -- +

n° l no z
B1

(4.1-388}
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In this particular analysis we set S--!--I-- Sz (i.e., we simply
' nOl no 2

say that the input signal power-to-noise power density ratios of

signals $I and S z are equal). The expression of output signal

power-to-noise power density from the detector is

n° 1

no 1

it is seen that in the limit S1 >> B 1 , --_ is -_ or
nol O

= -3 db. A plotof (--_-) versus (-_Sn_
o in

Figure 4-81, and the more meaningful relationship,

is shown in

)o
versus

(S)in

(_Sn)in,

used for Bl

is shown in Figure 4-82. A bandwidth of 50,000 cycles is

To obtain the signal-to-noise ratio,

detector, one uses the relation,

S
--_-,of a filter following the

n ,,

(4.1-390)

where B F is the noise bandwidth of the filter.
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Table 4- Z1

Square Law Detection Noise Terms and Contributions

Noise Contributions
Terms Obtained by Squaring Signals From Each Term

Zcoct ](Sl + Xl)z cos z ¢0ct = [SI z + 2SI xl + Xlz] _ [ 1 + cos 60 kHz

1

Z (SI + xl) yl sin coC t COS COC t = 2y i ($1 + xl) _ [ 1 + sin ZCOct ] 60 kHz

2(Sz + xz) ($I + x,) cos COot cos COct = 2 [Sa $I + Sz x, + $I xz +

1

xl xz ] 2 [cos (COc - COo)t + cos (COc+ COo)t ] 300 kHz

2(S1 + xi) Yz cos COct sin COct = 2y 2 (S1 + xl)½[ cos (COc

cos (COc + COo) t ]

- COo)t +

300 kHz

Z
yl sin z COCt = yl a I[1 - cos 2COc t ] 60 kHz

2(Sz + xz)yl sin coct cos COot = 2(S z + xz)y I -_ sin (COc

sin (COo + COc)t ]

- _Oo)t +

300 kHz

2yi Yz sin cOot sin COct = 2yi Yz -_ sin (_0c - coo)t + sin (coc + COo)t] 300 kHz

l
(Sz + xz) z cos z COot = [Sza + 2Sz xz + xz2 ] 5.[ l + cos 2coot ] 540 kHz

2(Sz + xz)yz cos _Oot sin COot = 2(S z + x_)y z ½[ 1 + sin 2COot ] 540 kHz

y_ sin z COot = ya _ _[ 1 - cos 2_0ot ] 540 kHz
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Table 4-ZZ

Product Detection Noise Terms and Contributions

Terms Obtained by Mixing Signals

[ (Sl(t) + x1(t)) cos _Oct + Yl sin0_ct ] [ (Sz(t) + xz(t)) cos

_°ot + Yz sin _0ot ] [ S I Sz + S I x z + xl Sz +

I
x, xz ] x[ cos (_c " _o)t+ cos (_c +_o)t ]

Noise Contributions

From Each Term

300 kHz

1
Yl (Sz + xz) X [ sin (co c - C_o)t + sin (coc + COo)t ] 300 kHz

l (oJ c - COo)t + cos (coc + COo)t ]YZ (S, + xl) _ [cos 300 kHz

1 - COo) t - (COc + COo) t ]Yl YZ X [cos (cOc COS 300 kHz
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S/N Characteristics of Phase and Frequency Demodulators without

Feedback 3z - The theory of operation of a phase modulated system is

similar to that of a frequency modulated system. Accordingly, this

analysis will follow closely that of Reference 33 with appropriate

modifications for considering phase modulated instead of frequency

modulated operation.

A simplified block diagram of an idealized phase demodulator is

shown in Figure 4-83.

e r (t)

RF Ideal Low Pass

RF e I (t) Phase or

Filter Detector Band Pass

Figure 4-83. Simplified Block Diagram of a Phase Demoduiator

Without Feedback

In Figure 4-83 the signals at the various points are

el (t) = Acos [¢0ct + 0m(t)] + nl {t),

er(t ) = sintoct ,

ez (t) = Ore{t) + nz (t) and

e 3 (t) = Ore(t) + n 3 (t)

The signal, el (t), consists of the phase modulated carrier plus band

limited white noise. The bandwidth of the RF filter is taken to be

2(_ + l)fm which will pass all of the essential sidebands of the phase

modulated signal where the modulation, Om(t},is assumed to be _sinC0mt.

The noise, n I (t), is assumed to consist of an in-phase (with the car-

rier) component and a quadrature component as

n,(t) = x l(t) cos_o ct + Yl(t) sin_° ct. (4. 1-391)
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In Equation (4. 1-391), x I (t) and Yl (t) are normally distributed,
pendent random variables, both with mean zero and variance,
Accordingly,

E[nlZ(t)] = E[x Iz(t)] cos z co t + 2E[x 1 (t)] E[yl (t)] cOS_ctsin_ ctc

+ E[ Yl z (t)] sin z _c t

(4. 1-392)

= 0-2 cos z c_c t + o"z sin +z coc t and

=o -2

The power density spectrum of n 1 (t) is, then, constant over a band-

width of 2(_+l)f m centered at coc with a value 0-z/2(_+ 1)f m (considering

all the power in the positive frequencies)."" The input (carrier) signal

power to noise power ratio, Pi' at the input for a RF bandwidth of

2(_+ l)fm, then, becomes A2/20 -2.

The signal, er(t ), is the reference signal for the assumed ideal phase

detector. The signal, ez (t), is the demodulated output including the

desired modulation of _ sin_omt and the associated noise resulting

from the phase detector operation on the input noise, n I (t). The

signal, e3 (t), is the final output signal that includes the modulation,

@n_(t), and the resulting noise after passing the phase detector output

through a low pass filter or narrow band pass filter centered about

the modulation frequency fm" The determination of the relationship

of the signal power to noise power of e 3 (t) to the signal power to

noise power of e I (t) is essentially the intent of this analysis.

Since the phase is the quantity that will be detected, the effect of the

above input noise on the phase must be ascertained. Consider the

';" The power density spectrum of x 1 (t) or Yl (t) separately has a con-

stant value of cr z/(_+ 1)f m over a frequency range of 0 to (_+ 1)f m.
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vector diagram representation of eI (t)"_as shown in Figure 4-84.

Q (t)

K_N_

_x! (t) re f

Figure 4-84. Vector Representation of Phase Noise, @n(t)

For the case in which the input signal to noise ratio is large, A is

much greater than xl (t) and Yl (t) for the majority of time so that

the phase noise, On(t), between the carrier and the resultant e I (t),

can be approximated by

8n(t) = sin _l,t__..___,yl= Yl (t) (4. 1-393)
A A "

The power density spectrum of On(t ) then becomes the same as that

of Yl (t) but divided by the factor of A 2.

Another contribution to phase noise comes about when, with the pro-

per combination in time and amplitude of x I (t) and Yl (t), the phase,

':=This representation does not include the n_odulation, Om(t ). It is

assumed that, as in the corresponding FM analysis of Reference 33,

inclusion of modulation would complicate the analysis of noise effects

but does not appreciably affect the position of the threshold. Accordingly,

the modulation will be neglected in developing this part of the analysis.
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(n(t) , changes by an amount, ±2_r. This might better be visualized

by noting that the end of the e 1 (t) vector (point Q in Figure 4-84)

wanders about as x 1 (t) and Yl (t) are randomly changing and could

conceivably make a 360 degree excursion about point 0. Figure

4-85 depicts what might be a typical time history of phase, @n(t ) .

On(t)

611

41r

2Tr

0

-4/r

-61r

Figure 4-85. Typical Time History of Phase Noise, @n(t)

Figure 4-85 appears to be made up of rectangular-like functions

having a variable time width and discrete amplitudes of + I 2rr (l = 0,

positive integer) with a superposition of a smailer random-like

variation of phase. This latter phase variation is the phase noise

approximated by Equation (4. 1-393). The input noise, n l(t), then

is assumed to be made up of two parts as concerns its phase represen-

tation. The first part is that of the phase noise of Equation (4. 1-393),

and tile second part is that of variable width rectangular functions of

amplitude +f 2Tr. The power spectral density has been approximated

in discussing Equation (4. 1-393), and it remains to find or approximate

the power density spectrum of the random rectangular function.
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Derivation of Power Density Spectrum of a Random Rectangular

Function Bounded by ±2_r - Consider a rectangular function, y(k),

starting at some reference time, t = 0, at a value of zero. As the

number, k, of ±2_r steps evolve, the function can take on one of a

number of possible values for a particular number of 2w steps. Each

of these possible values depends on the number of 2_r steps that have

taken place as well as its particular value. Figure 4-86 depicts the

number of possible ways a certain value of the function may result

in a particular number of +2Tr step changes for a small number of these

changes. The general expression for the number of possible ways,

Nik, a particular value of the rectangular function which can result

is

Nlk =
(4. 1 - 394)

where, as before, (1)2_r represents the value of the rectangular

function and k is the number of 2w steps that have taken place since

the reference time. The probability that the rectangular function has

a value i 2w at the end of k steps of 2_r is, then,

Nl k
P[y{kl = _2_1 =

2k

The availability, from Equation (4.1-395), of some information con-

cerning the probability distribution of y(k) does not immediately lend

itself to be utilized in writing an expression for the autocorrelation

function of y(k). In fact, the decrease and approach to zero of proba-

bility in Equation (4. 1-395) as k and time, which are directly related,

increase suggests that y(k) is a nonstationary"" random process. No

':'Whether y(k) is a nonstationary random process or a stationary

process in the wide sense (as defined on page 60 of Reference 29)

has not really been determined. The potential difficulties in working

with such a process coupled with the time available for this study

precluded its use as such in determining the power density of y(k).
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Illustration of Values of the Random Rectangular Function

for a Number of Step Changes
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attempt was made in this analysis to consider the nonstationary process;
however, an assumption was made concerning the process making it
stationary or near stationary in order to obtain results that might give
some insight into the power density spectrum of y(k). This assumption
consisted of limiting the amplitude of y(k) to some positive and negative

value of an integer times 2_r. The simplest case in which the limits of

y(k) are ±2_ (_ = i) will now be investigated.

Consider the rectangular function in which the maximum positive and

negative values are ±2w. In other words, the only permissible values

of the function are Z_r, 0, -2_r in steps of +2w. A chart showing the

number of possible ways a particular allowed value of the rectangular

function can be reached for a certain number of Zw steps is shown in

Figure 4-87. Figures 4-87a, 4-87b, and 4-87c show this function for

initial values of 0, 2=, and -2w respectively.

The autocorrelation function, R(T), for the rectangular function described

above can be written as

R(T) = E[y(k t) y(kt÷T)]
(4. 1-396)

where k t is the number of step changes that have taken place in time,

t, and kt+ T is the number of step changes that have taken place in the

time, t + T. Since the rectangular function, y(k), can take on only

discrete values, Equation (4. 1-396) can be written as

IK(T) (n 2_r)(n' Zw)P[ y(kt) = n 2_r, Y(kt+ T

n=0, ml n'=0, ±I (4. 1-397)

In Equation (4. 1-397), P[y(k t) = nZw, Y(kt+T) = n'Zw] is the joint

probability that y(kt) = nZw and Y(kt+T) = n' 2w. Now a joint proba-

bility may be written z9 as a conditional probability of one event when

the other is given, times the elementary probability of the other

event. For the case being considered, this becomes

P [ y (k t) = n ZTr, y (kt+ T) = n' 21r] = P[ y (kt+ T) = n' Z_r [ y (kt) = n 2_r] P[ y (kt) = n ?-w]

(4. 1-398)
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Figure 4-87.
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where P[Y(kt+T) = n' Zw] y(kt) = n2w] is the conditional probability
that Y(kt+T) = n' Zwunder the given condition that Y(kt) = n2w, and
P[y(k t) = nZw] is the elementary probability that Y(kt) = nZw.

It is assumed in the analysis that the number of step changes, k,

during a particular time interval, T, is Poisson distributed and its

probability is given by zg' 3_

(a T) k

P(k, T) - kl exp(-aT) (4.1-399)

where a is an average number of step changes per unit time. This

quantity, a, will be discussed in more detail later. It is now possible

to begin to write down the terms of the autocorrelation function of

Equation (4. 1-397) using the joint probability in the way just described.

It can be seen first of all that when n or n', in the summation of

Equation (4. 1-397), is equal to zero, that term will not contribute

to the summation, and the only values of n and n' that will be used

in the summation for the case considered will be +1. Accordingly,

R(T) will consist of the summation of four terms. The derivation

of one of these terms will be made as means of illustration in determining
the overall R(T).

Consider the case when n = i andn' = i. The corresponding term

RI,I(T ) of R(T) can be written as

RI,1 (T) = (Z_) (2Tr)P[Y(kt) = 2Tr, Y(kt+ T = 2rr)]

= (41r z) P[y(k t = Z_r)]P[Y{kt÷ T = grr} [y(kt=ZTr)] "

(4. 1-400)

With reference to Figure 4-87a, it can be seen that P[Y(kt) = 2w]
is equal to one-half the probability that k is odd. Since the occur-

fence of an even number of step changes is equiprobable to that of

an odd number of steps, after some time, t, sufficiently different
than t = 0,

(4. 1-401)
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In considering the conditional probability term of Equation (4. 1-400)
reference should be made to Figure 4-87b. It can be seen from this
figure and Equation (4. 1-399) that the probability that Y(kt+T) = 2_,
with Y(kt) = Z_r, is

P[Y(kt+T) = 2Tr[y{kt) - 2_]

!

= (l)P[k = O] + 2 P[k = even] ,

O0

=(_°xp(-_r_r_+(½)_ ("r_f_
k=2

k even

exp (-a[T[) ,

1 1 (a[TI) k )k

"k-0

{'[- exp(-alTl) _ I

= e_p(-alTl)[½(1

i I}+ : exp(a[TI) + -_ exp(-alTI) and

+ cosh alTI)]

(4. 1-402)

Substituting Equations (4. 1-401) and (4. 1-402) into Equation (4. 1-400)

yields

2
IT

R,,, (T) = T e×p(-al r[)[I + coshalT[] (4. 1-403)

Use of the similar techniques results in the other terms of the

summation of Equation (4. 1-397) becoming
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2

IT[)[ 1 cosh ab-[]RI,- l (Y) =T exp(-a (4. 1-404)

71

R_,,,(T) =-_--exp(-alTi)[l - cosha[ri] and (4.1-405)

11.2

R-l'-I(T) = T exp(-aITI)[ I + coshaOT[] (4. 1-406)

Then,

R(T)= 2__ exp(-a!TL) (4. 1-407)

The power spectral density, S(f), of the above random process can

now be found by taking the Fourier transform of the autocorrelation

function derived in Equation (4.1-407). This becomes

0o

S(f) - S R(T) exp(-j 2"B'f T) dT

-oo

co

= 2Trz exp(-a[TI) exp(-j 21rfT) dT

-00

(4. 1-408)

0

= 2W2 S

-00

exp-(-a + j2nf)TdT +

O(3

2w z exp - (a + j 21r f)T dT

0

and

4Tr _ a

a z + 4rrz fz
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To remain consistent with the previous representations of the power

spectral densities in which all power is assumed to be contained in

the positive frequencies only, Equation (4. 1-407} becomes

81r 2 a

s (f) = (4.1-40 9)
z fza + 4_ z

for f > 0.

Computation of Output Signal to Noise Ratios - The computation of

output signal to noise ratio as a function of input signal (carrier)

to noise ratio for the phase demodulator without feedback will be

made for two cases and both compared with the corresponding ratios

for the frequency demodulator without feedback. One case will

consider the low pass filter as shown in Figure 4-83 to be rectangular

with a passband from DC to the modulation frequency fm" The second

case will consider the bandpass filter of Figure 4-83 to be rectangular,

centered at fro' and having a bandwidth of 2 A. For the frequency

demodulator case, the output signal to noise ratio using a low pass

filter at the output has been computed in Reference 33. Computation

of output signal to noise ratio for the frequency demodulator using

the narrow bandpass filter will be accomplished by using the appropriate

power spectral densities derived in Reference 33.

From Equation (4. 1-393) and Equation (4. 1-409), it can be seen that,

under the assumptions of this analysis the total power density spectrum,

St(f), consists of the two parts,

_z 8_ z a
St(f ) = +

A z(_ + 1}fro a z + 4_z fz (4. 1-410)

The total output noise power, PN' can now be obtained by integrating

Equation (4.1-409) over the frequency range (positive) of the ideal

rectangular low pass filter, yielding

fm

PN = f St(f) df and

0 (4. 1-411)

z
o-

= - + 4_r tan-

+ l)a

Z_f
m

i

a
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The total output signal power, Ps' for the modulation signal being
considered is

2

Ps = _- (4. 1-412)

The output signal to noise ratio, 9o, then becomes

P
S

Po = p---_" ,

£
2

2 2_ fm
+ 4w tan- ]

_+ ljA 2 a (4. 1-413)

= and

1 + _ + I)A _ 4_ tan-I 27rfm
2 a

ff

_2 (fl+ i)pi

I + _ + l)81rPitan-
a

2_ fm
1

It is now necessary to discuss in more detail the quantity, a. In

Equation (4.1-399), it was stated that a is the average number of ±2_r

step changes that occur per unit time for the assumed Poisson proba-

bility. Rice has computed 34 the expected number of times that the

phase noise, On(t), passes through the value of ±_r. For the type
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of system assumed in Figure 4-83, this expected or average number,

a', of ircrossings is

2(_ + 1)f m cerf_f_i (4. 1-414)
al _--

where

cerf (x) = I - error function (x)

For this analysis, it is assumed that, for the _r crossings of On(t),

half the time On(t ) will return to its normal near zero value without

encircling the origin and half the time it will return after encircling

the origin. The former case would not result in an approximate 2Tr

step change of phase whereas the latter would result in a 2w step

change in phase. Accordingly, it is assumed that

1
a = _ a' and

K

(/3 + l)f m
_T2 cer f N/_Pi

(4. 1-415)

Substituting Equation (4. 1-413) into Equation (4. 1-411),

_z([_ + l)Pi (4. 1-416)
Po = 41r_f_

I + (/J+ l)8,rPitan-' (_+ l)cerfNf_- i

The plots for Po' in db, as a function of Pi, in db, are shown in

Figure 4-88 for Equation (4. 1-416), as well as the corresponding

curves for a frequency demodulator without feedback 33, for _ values

of 5 and 10. It can readily be seen that the frequency demodulator

has a much higher output to input signal to noise ratio. This might

be expected since the output frequencies which are passed by the

output filter include the low frequencies for which the power density

spectrum of the phase representation of the noise {see Equation (4. 1-409))
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is the greatest. On the other hand, one of the two contributions to

the noise for the frequency demodulator varies directly as the second

power of the frequency and hence the noise power is less at the lower

frequencies. In addition, for frequency demodulation the factor of

05a_z enters into the signal power at the output.

The fact that the curves for phase demodulation of Figure 4-88 are

constant result from the values of Pi and _ considered. The second

term in the denominator of Equation (4. 1-413) is always much greater

than the first and the unity term can be neglected. The resulting can-

cellation of Pi in the numerator and denominator coupled with the fact

that the inverse tangent term does not vary significantly from ir/2

accounts for Po varying only with _.

A configuration of Figure 4-53 that may be of more interest and ap-

plication to the AROD system is one in which the bandpass filter is

very narrow and centered about the modulation frequency, fm" Such

a situation might be the demodulation of a carrier phase modulated

with a range tone or number of range tones. In the computation of

the output noise powers, it is, then, necessary to perform the inte-

grations of Equation (4.1-411) from fm - Ato fm + A where 2A

is the bandwidth of the bandpass filter centered at fm" Therefore,

fm + A

PN = A St(f ) df and

fm - _

2Ao -2

A 2 (/3 + 1)fm

+ 4_rtan- I

fm + A

2_f

fm - A

(4. 1-417)
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It can be shown that a function of the form,

y = tan -I (x + 6) -tan-* (x - 6), (4. 1-418)

can be approximated by

26 (4. 1-419)y = .--_
x

when 1,6<<x. Since A and unity would normally be much less than

fm, the approximatation in Equation (4. 1-419) will be used for the

second term of Equation (4. 1-417). Equation (4.1-417) then becomes

ZA_ z 4A(_ + 1)cerfN/_
PN : +

A z (_ + l)fm _ fm

(4. 1-420)

The signal power, Ps' is the same as Equation (4. 1-412). Therefore,

f(___) _2(_ + l)Pi
Po: 1+ 4_43

3 (_ + l)Z Pi cerf N/_1

(4. 1-421)

When the low pass filter is replaced by a bandpass filter, as was done

above for the phase demodulator, the frequency demodulator has an

output signal to noise ratio equal to that of Equation (4. 1-421);:". That

is, the relationship between the output signal to noise ratio and the

input signal to noise ratio is the same for the phase demodulator with-

out feedback and the frequency demodulator without feedback for the

assumptions made in determining their power density spectrums.

_:"Actually, it is not exactly equal because of the dropping of negligible

terms in the integration of the power density spectrums. See, for

instance, Equation (4. 1-419).
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The curves resulting from Equation (4. l-4Zl) are shown in Figure 4-89

for three values of _ and an assumed modulating frequency to filter

bandwidth ratio of 50. It can be seen that the threshold point or knee

of the curves in Figure 4-89 occur at a somewhat smaller Pi than

that of Figure 4-88. In addition, the curves show a I0-15 db overall

improvement when a narrow bandpass filter instead of a low pass

filter is used at the output for the frequency demodulator without feed.-

back and an extremely large improvement when the narrow bandpass

filter is used for the phase demodulator without feedback.

Derivation of Power Density Spectrum of a Random Rectangular

Function Bounded by ±4_r - The assumed rectangular function used

in determining its contribution to the total output noise for the phase

demodulator was somewhat restricted by allowing maximum values

of only +Zw. Determination of the autocorrelation function when i

of Equation (4. 1-394) becomes very large appears to present a formidable

problem. However, some insight as to how "good" a representation

the assumed rectangular function is might be gained by extending the

maximum values of the rectangular function to 4-4w(_ = 2) and com-

paring the resulting power density spectrums.

The autocorrelation function R(T) is computed by the same technique

used in Equation (4. 1-397) through Equation (4. 1-403) with Figure

4-90 serving the same purpose as Figure 4-87. The number of non-

zero terms in the summation of E_tuation (4. 1-497) for the case being

considered (n, n' =0, ±1, +2) is sixteen and they are listed below:

RI, I (T) = R_I,_ 1 (T) =--_-exp(-alTO cosha[Tl+ cosh
(4. 1-422)

RI, z (W} = R_I,_ z (T) = 7 exp(-alxl} sinh &IT[+ _ sinh (4. 1-423)

Z

Tr ( , al'rl \Rl,-llr) =R_l,l IT) =-_-exp(-atrl) coshaH- cosn_p_)
(4. 1-424)
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( °,+,)R,,-z (T) = R-_,2 (T) = -_- exp(-a_) sinhalv I - _ sinh_]_ (4. 1-425)

2

(_a,+,)Rz,l (T) = R_2,-t (T) =--_- exp(-M_ sinhalTl+ _]-3 slnn_- (4. 1-426)

2

w ( cosh alTl_RZ,z(T) =R_z,_z(T)='-_- exp(-atrl) coshalTl+ 3 _] (4. 1-427)

2

R2,_1 ('r} = R-Z,I(T) =--_exp(-aM} sinhalT I- _ sinh (4. 1-428)

R2, -

2

(z (T) = R-z,z (T) = --_- exp(-aN) 2 + coshalT I- 3cosh_)

(4. i-429)

Summing terms of Equations (4.1-422) through (4. 1-429) and simplifying
results provides

R(T) = 2wz exp(-alT_ 4cosh + 2_-3 sinh_ - 1 • (4. 1-430)

Integration of Equation (4.1-430), as was done in Equation (4. 1-408),

results in apower spectral density, S(f), of

SII) =4_r2a [ laZ(l - _3)z+ 4Trz f 2 aZ(l + _)2+ 4_rZ f 2 aZ 4rr2f z

(4. 1-431)
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For f>>a, Equation (4. 1-431) reduces to

a

s(fl= 7 (4.1-43z)

which is the same as Equation (4. 1-407) for the same assumption of

f>>a. This result shows that the power density spectrum of the

rectangular random function limited by +27r is in excellent agreement

with a similar type function whose limits are 4-47r as long as the

portion of the spectrum being considered is sufficiently greater in

frequency than the value of a. This close agreement suggests that

the limits of the random rectangular function can be extended con-

siderably (that is, f >i) and still be very closely approximated by

Equation (4. 1-408) for the part of the power spectrum in which

fm >> a.

The validity of the assumption that fm >> a can be best shown by a

specific example. Because of the small angle assumptions made

on @n(t) of Equation (4. 1-393), the curves of Figures 4-88 and 4-89

probably become marginal for a Pi of less than 6 db and are probably

of little value below 3 db. As a means of illustrating a case when the

assumption fm>>a is the least valid, a pj of 4 db will be used with a

/3 of 10. Substitution of these values into Equation (4.1-413) results

in

a = 0.073fm (4. 1-433)

As Pi increases, the assumption becomes even more valid. For

instance, for _ = 10 and Pi = 6 db,

a = 0.015f (4. 1-434)
m

Discussion of Results - The most significant results of this study are:

(l) The power density spectrum for a phase noise random rectangular

function has been computed using a fairly restricted mathematical

description of the function. This spectrum appears to be a very good

representation of the less restrictive, and more general random

rectangular function if the assumption is made that the modulating

frequency is much greater than the average number of step changes
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of phase. This assumption was demonstrated to be valid for most
cases of applicability.

(2} When the low pass filter is used at the output of the phase demodu-

lator, the output signal to noise ratio, Po' is constant for all values

of the input signal to noise ratio, Pi" This constant value of Po is
significantly less than Pi"

(3) For the case of the frequency demodulator using the low pass

filter at the output, Po' is a linear function of Pi for large Pi" When

Pi attains a value of approximately 10 db, Po deviates from the original

linearity causing a "knee" in the curves of Po as a function of Pi"

This knee is the threshold point of the frequency demodulator without

feedback. There is a significant improvement in Po for all values

Pi even below the threshold point.

(4) If a narrow bandpass filter centered about the modulating fre-

quency is used instead of a low pass filter, Po as a function of Pi

is approximately the same for both the frequency demodulator with-

out feedback and the phase den_odulator without feedback. The increase

in Po for the phase demodulator without feedback is significant and

greater than that of the frequency demodulator without feedback when

bandpass filters instead of low pass filters are used. The threshold

point is present and occurs at a Pi approximately 2 db less than that

of the frequency demodulator using the low pass filter.

A number of limitations and restrictions should be mentioned con-

cerning the analysis and overall validity of the results. These are
listed below:

(a) The deviation of 0n(t ) from the small angle approximation would

alter the noise power contribution of the noise function, Yl (t)/A, of

Equation {4. 1-393). Accordingly, the curves of Figures 4-88 and 4-89

should be utilized with caution for smaller values of Pi (probably of
the order of 6-9 db and less).

(b) The phase demodulator used in this analysis was assumed to be

ideal and could detect the modulation regardless of the amplitude of

the modulation (value of _}. Normally, the output of a phase detector

is a sine function with the modulation as part of its argument. When

the maximum phase excursion caused by the modulation is small,

the detector output, then, directly contains the modulation by virtue

of the small angle approximation. Values of _ greater than approximately
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1/2 would introduce nonlinearities in the detector output resulting

in harmonics of the modulating frequency. For these larger values

of _, these harmonics have various order Bessel functions as coef-

ficients.

Conclusions - The use at the demodulator output of a narrow bandpass

filter centered at the modulating frequency in place of a low pass filter

results in a significant improvement in output signal to noise ratio

over that of the input signal to noise ratio for both the frequency demodu-

lator without feedback and the phase demodulator without feedback.

The increase in improvement using the narrow bandpass filter is

greater for the phase demodulator and approaches the output signal

to noise ratio of the frequency demodulator. These results indicate

that the phase demodulation system becomes comparable to the fre-

quency demodulation system and the possibility exists for a choice

between the two. The capability of utilizing the system whose par-

ticular characteristics best suit the requirements of a specific function

(e.g., the requirements of the AROD tracking system) then become
available.

The extent of this study effort thus far does not include the investigation

of the phase demodulator using feedback. A comparison of threshold

and output-input signal to noise ratios for that configuration with

that of the frequency demodulator with feedback cannot be made at

this time. However, it might be brought out that although much work

has been accomplished in the analysis of frequency demodulators

with feedback, controversy presently exists concerning the validity
of such results.

In conclusion, it is recommended that additional study be conducted

to consider a phase demodulator with feedback in order to determine

its capabilities for potential use in the AROD system. It is further

recommended that a closer look be taken at the analytical results

of frequency demodulators with feedback to insure that a valid com-

parison can be made between two types of demodulation systems.

4-260



Undesired Signal in the Passhand of a Range Tone - The AROD

system will be required to operate in the presence of undesired

signals near the operating frequency or in the presence of undesired

signals in the passband of the range tones which can be generated by

interrnoduiation or spurious responses. The intermodulation can be

caused by two or more AROD transponder stations operating simultaneously.

Let the range tone be represented by

(t) = A cos I(cor + cod) t-
S

and the undesired signal by

S u {t) = B cos (cout" O)

The terms in

('Or =

co d =

cou =

(4.1-435)

these expressions are

(4.1-436)

radian frequency of range tone,

radian frequency of doppler shift in the range tone,

phase angle of range tone {depends on transponder

range),

arbitrary phase angle of interfering signal and

radian frequency of interfering signai.

.An expression for the superposition of the range tone and the

undesired signal is

(t) = R(t)cos [(co + _Od) t - @ - r(t)]s r
( 4. 1-437)S

where

R (t) : A 1 + e + 2E cos 6co t - (qb -O ,

-1
r (t) = tan e sin [6cot - (* -0}l

1 + ( cos [5 cot - (d_ -O )]'

-'_ and

_{._ = %0 - _ -co

u r d
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The signal,S s (t),is compared with a reference tone ,cos 03rt,in a
phase detector. The desired output of the phase detector is the
phase angle,03dt - 0 ; but,because of the undesired signal, Su(t), an
error of r(t) is introduced into the measurement. (It has been
assumed that the a_nplitude modulation l_(t) does not affect the
phase measurement--a limiter preceding the phase detector could
be used to eliminate amplitude modulation, if necessary.)

The phase error, r(t), is periodic with a repetition frequency of 503
and It(t) I has a maximum value of tan-le (i.e. at [5cot - (q_- O}]
= odd multiple of @ ) . Figure 4-91 is a graph of the maximum
value of ir(t)l as a function of E

Unless 603= 0 (interfering signal frequency equal to the range tone

frequency plus the doppler shift of the range tone), the measured

range will periodically cycle about the true range. If 503 is large,

smoothing could possibly be used to remove the effects of the

phase fluctuation; but with no a priori information about the value

of 603 , It is unlikely that there is a procedure for taking advantage

of the periodicity of r (t).

4.2

4.2.1

Subsystem

Specific analyses were performed with respect to the vehicle velocity

extraction unit (VEU), the transponder command/direction finding

receiver (TC/DFR}, the transponder tracking transmitter (TTT),

and the transponder tracking antenna (TTA).

AROD Velocity Extraction Unit Quantization Analyses. The quanti-

zation of the vehicle velocity extraction unit is defined and a method

for improving the quantization factor is presented.

The AROD velocity extractor counts tile multiplied two-way doppler

frequency during a 0.2 second period. The velocity extractor employs

a frequency multiplication in order to maintain a velocity resolution

_-<0.07 meter/sec. Frequency multiplication degrades the signal

by 20 log N (db), where N is the multiplication factor. With a × 10

multiplier, the present quantization error has been calculated at

0.013 meters/sec. The term "quantization error" is derived from

the Motorola comments of 10-22-63 as follows

fd = 2v×ft
C

(two-way doppler at vehicle velocities) and
(4. 2-1)

c (4. 2-2)
v = _t×fd ,
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but

fd = CT

10T

(4. 2-3)

where

c
v -

2 ft

A V -

CTX

10T

and

c X ACT c= _ X Ac T

2 ft NT 2 ft 10 T

(4. 2-4_

(4. _-5)

c T =

T =

N =

ft =

c = velocity of light.

A Vmax.
Hence, AVrm s = _/_6

total accumulated count per ,neasurement,

measurement period (0. 2 sec.) ,

frequency multiplication factor,

carrier frequency and

velocity re solution = quantization

%/-6 error,

(4. 2-6)

Equation (4. Z-5) showsthat the "quantization error" is inversely

related to

.

2.

3.

the carrier frequency,

the measurement period and

the frequency multiplication factor.

For AROD, the carrier frequency is fixed, but the measuring period

and the frequency multiplication factor are variable design parameters.

Variable design parameters should be optimized with respect to

quantization error, S/N, Doppler frequency limits, acceleration,

and range for best V.E.U. performance. The term c T in equation

{4. Z-5) has a limiting accuracy of one count; therefore, c T optimization

offers no further reduction of the quantization error.

4-264



A given telemetry sampling rate defines minimum doppler that can be
measured by the present technique with a velocity resolution < 0.07
meters/sec. This minimulTl doppler is 0. 5 Hz from

Af d =_
A CT Minimum count

NT NT and (4. _-7)

1
= = 0.5 Hz

(10)(0.2)

as compared to 1.043 Hz from

Af d = __2ft . Av where A v = Velocity Resolution,

2 (2.24 x 109 )

3X 10 8
(0. 07) and

= 1. 043 Hz

Various digital methods are available for measuring doppler frequency.

The three most common are

I. to count doppler frequency over a given time interval,

2. to count a reference frequency for k cycles of doppler frequency and

. to count the summation of doppler frequency and a bias freq-

uency (fb + fd) over a given time interval.

One way of improving the signal-to-noise ratio of the present system

is to reduce the frequency multiplication when S/N falls below an

acceptable minimum. The signal-to-noise ratio for the AROD

System is a minimum at maximum range and a maximum at minimum

range. Doppler frequency varies with changing range and goes to

zero at minimum range. If a transponder site is located near the

vehicle launchpad, a consistent condition of low doppler frequency,

high signal-to-noise ratio would exist. Assuming a telemetry

sampling rate of 0. 25 sec., a reduced quantization error may be

obtained by
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2.

counting both leading and trailing edges of fd and

designing the VEU so as to switch between counting (4fd)/2 and

counting Nfd/Z when doppler frequency approaches = 100 Hz.

In other words, when 4f d > fl, 4fd/2 will trigger the velocity

accumulator; when 4f d < fl, then Nfd/2 will trigger the velocity

accumulator. The symbol fl denotes an arbitrary frequency.

A frequency multiplication of N = 4 results in a signal degrada-

tion of 20 log 4 = 12.4 db, as compared to a 20 db degradation

for N = 10. The quantization error for N = 4 becomes:

c ACT
Av _

2f NT

3 x IOs (I/2)
= 2 (2.24 X 109 4(0.20) and

4.2.2

= 0.042M/sec.

When Nfd/2 serves as the accumulator trigger, the quantization error

will improve with a larger choice of N. Further error reduction may

be obtained at the expense of increasing the telemetry sampling rate.

A parallel switching system offers the advantage of

I. improved quantization error, especially in the region of low

doppler

2. improved S/N ratio at maximum range and

3. reduced velocity vector error.

The techniques discussed offer various advantages and the results of

laboratory tests reiterate the need for the improvements offered by the

parallel switching system in particular. It is recommended that some

such provisions be made in the VEU of any future AROD design.

Doppler Measurement Accuracy for the AFC Loop Proposed for the

TC/DFR 34 - An analysis is performed to determine if the AFC Loop

in the TC/DFR has sufficient accuracy in the doppler frequency

extraction to provide an acquisition aid for the transponder tracking

receiver.
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The frequencies received at the transponder can be expressed as

fRT = fTT + fDT + AfT (4. 2-8)

fRC = fTC + fDC + Afc
(4.2-9)

where

fR T

fTT

fDT

AfT

fRC

fTC

fDT

= received frequency of the tracking link,

= 2276. 424 MHz = transmitter frequency of the tracking

link,

= doppler frequency on the carrier frequency for the

tracking link,

= frequency drift in the carrier for the tracking link,

= received frequency of the command link,

= 137. 995 MHz = transmitter frequency of the command

link,

= doppler frequency on the carrier frequency for the

command link and

Afc = frequency drift in the carrier for the command link.

The frequency

following:

fco =

of the command VCXO will be determined by the

fRC - (fIF + AfL)

4. 5 (4. 2-10)

AfL = AfD + Af¢ (4.2-11)

where

fco

fIF

Af L

Af D

Af¢

= command receiver VCO frequency,

= command receiver IF frequency,

= loop frequency errors,

= change in center frequency of discriminator and

= frequency error required to pull the frequency of the

VCXO.

When the command and tracking VCXO's lock together, the tracking

VCXO will predict the tracking carrier frequency indicated by the

following equation:
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or

!

fRT =

!

fRT =

81 fco - predicted received frequency

for the tracking link
(4. 2-12)

fRC - (fIF + AfL) ]
81 . (4, 2-13)

4.5

The error in the predicted frequency is

Z

!

"' fRT fRT =

i

fRT - fRT and

81 [ fTC + fDC +Afc
4.5

fTT - fDT - AfT

(4.2-14)

fIF- AlL] -

(4.z- _5)

but

81

4.----5 (fTC - fIF) = fTT and {4. 2-16)

, 81

• " fRT- fRT = 4-_.5

Since fDC + Arc =

fTC

fTT

[ fDC + Z_fc - ZXfL] - fDT - AfT.

(4.2-17)

(fDT + AfT) , (4.2-18)

the error can be expressed as

or

81 fTC

4. 5 fTT
[fDT +Af T ] -

81

_'_AfL - (fDT + AfT)

14.2-19)

81 fTC - 1 ]4. 5 fTT

81

(fDT + AfT)- _ AlL

First Term
SecVond

Term

with

(4. 2-20)

81 fTT

_-_ = 18.0 and fTC = 16. 496, with

= .09117 (fDT + AfT)

First Term

18.0 AfL

SecOnd
Term

(4.2-21)
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This last equation indicates that the acquisition circuitry will predict
the tracking received frequency withan error of .091117 times the
sum of the doppler on the tracking link and the transmitted frequency
error caused by master oscillator drift minus 18.0 timesthe frequency
errors in the AFC loop. These loop errors consist of discriminator
center frequency drift (Afl_, and the necessary error needed to pull the
VCXO (Aft) .

Before the error is calculated using the present design parameters,

the amount of error that can be tolerated must be determined. The

amount of error that can be tolerated will be determined by the lock

range of the carrier phase-locked loop in the Transponder Tracking
Receiver.

It has been determined experimentally that the lock range of a phase-

locked loop is approximately twelve times the noise bandwidth with a

S/N = i0 db. The TTR has anoise bandwidth of 300 Hz which

defines the maximum lock range, ± 600 Hz.

First, the contribution of the second term of the error equation will

be determined. The magnitude of A fD is about ± 40 Hz as quoted

by a vendor, while Af_ will be about ± 500 Hz. The AlE error is

formulated by using a VCXO and 4.5 multiplier sensitivity of 900

Hz/volt, a DC Amp. gain of i00, and a discriminator slope of 100

m V/kHz. Therefore,

± 4.85 kHz

Af_ = .900 kHz/voltXl00Xlvolts/kHz = ± 539 Hz .

From the last term of the error equation, the maximum error con-

tribution from AfD and Af_ will be

Af L = 18 (± 40 ± 539) _ 10.42 kHz ,

This error is too large for carrier phase-lock loop to lock. If the

discriminator slope, DC Amplifier gain and/or the VCXO sensitivity is

increased to reduce A fE to 0 Hz , then,

AfL = 18 (± 40)= 720 Hz,

which is not within the lock range of the carrier loop.

The analysis has shown that the present AFC loop in the command

receiver cannot be designed to predict the doppler on the tracking

link unless the change in center frequency of the discriminator can

be made zero. I_ the maximum one-way doppler of 80 kHz is
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4.2.3

used in equation (4. Z-21), the error from the first term will be
7. 29 kHz. This is beyond the lock range of the carrier phase-locked
loop in the TTR. If the radio 81/4.5 is changed to equal 16. 496 by
increasing the 4.5 multiplier to approximately 4.9, the first term of
the error equation would be zero. This condition will place the LO
at nearly the same frequency as the carrier and the IF frequency will
approach zero.

This analysis has shown that the original scheme for predicting the

doppler in the tracking link will not provide doppler information with

sufficient accuracy to allow the acquisition method to work. The

present discriminator was replaced with a phase detector and its

reference input was derived from the VCXO via a frequency synthe-

sizer, the command receiver could determine the tracking link

doppler with no error. This arrancement forces the VCXO on the

command link and tracking link to have the same frequency because

the ratio of the multiplication factors between the VCXO frequency,

and their respective carriers, are the same as the ratio of the

carriers.

Transponder Tracking Transmitter - A discussion of the power re-

quirements for the transponder transmitter is presented. The rela-

tionship between the peak envelope power (_:__ and average power

for the retransmitted signal is shown and the terminology involved in

the generation of the transponder transmitter power specification is

defined.

The brassboard vehicle tracking transmitter has been specified to

deliver two watts of average power. For the optimumAROD System,

the transponder transmitter should have several db more output than

the vehicle tracking transmitter. The exact power output from this

transmitter has not been specified. However, as an example, fourteen

(14) watts average power will be used.

Figure 4-92 shows the spectrum transmitted from the transponder.

The power distribution is as follows:

F c = 0 db IF F c = 4 watts

F i = 0 db THEN F I = 4 watts

Fz = -3 db Fz = 2 watts

F3 = -6 db F3 = I watt

F4 = -6 db F 4 = 1 watt

F 5 = -6 db F 5 = I watt

F 6 = -6 db F 6 = I watt

Ftotal = 14 watts
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4.2.4

Voltage across 50 ohms due to:

F c = 14. 14 volts

FI = 14. 14 volts

F z = I0.00 volts

F 3 = 7.07 volts

F 4 = 7. 07 volts

F 5 = 7. 07 volts

F 6 = 7.07 volts

Ftota 1 = 66. 56 volts

Since there is no certain phase relationship between the various

signals, as time passes there will be periodic instances in which

all voltages will add in phase. At these instances, the power output

will be

E z (66. 56) z

P - R 50 - 88.75 watts. {4. 2-22)

For our particular signal, the peak-to-average-power-ratio will be

88.75 to 14 or 6.34. This means that a 50-watt linear amplifier

will provide only 7.9 watts of average power output.

All references to power output from a single sideband transmitter

will be in terms of P.E.P. (peak envelope power).

Transponder Tracking Antenna - The design requirements for the

transponder tracking antennas are described. These antennas

wer, e utilized in the AROD multipath flight tests and brassboard

system concept evaluation. The "S" band receiving antenna will

have 10 to 12 db gain and circular beam shape of approximately 35 °

beamwidth at the half power points. Circular and linear polariza-

tions are to be used in the multipath mapping flight tests.

An axial mode helix meets the above requirements. This type of

antenna provides broadband characteristics and ease of construction.

The following symbols are used to describe the helix (See Figure 4-93):

4-272



/
L

\
A

d ----_

L D -I
I_ ' "]

i

1
I

q

S

S

g

1 I

, I
!

I

I

Coaxial Line
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S =

a =

L =

n =

A =

d =

g =

G =

k =

For axial or beam mode radiation,

used:

diameter of helix

spacing between turns (center to center)

pitch angle

length of one turn

number of turns

axial length

diameter of helix conductor

distance of helix proper from ground plane

ground plane diameter or side

free space wavelength

the following dimensions were

D = 0.32k ,

S = 0.22k ,

G > k,

d = O. O Zk , and

g = 0. 12X

Neglecting the effect of minor lobes, the power gain of a helical beam

antenna with respect to an isotropic, circularly polarized source can

be approximated by

= 1
Using the above equation and parameters for a gain of

turns will be required.

in degrees is

( 4. 2-23)

15 db, 9.4

The beamwidth B between half power points

B ._

52

c  /nSk k

B "--

B x

52

x O. 32k

, ( 4. 2 -24)
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The condition for circular polarization is that the axial ratio (A. R.)

be equal to

AR = e¢ = + j
E 0 (4.2-25)

which indicates that the electric field components, E_ and E@,

in quadrature and of equal amplitudes. The axial ratio can be

approximated by

AI_ = 2n + i
and

2n

are

(4.2-26)

AR = 2x9.4 + I = 1.05

2x9.4

To produce linear polarization, two axial mode helices - one wound

left handed and the other right handed - can be mounted on the same

ground plane as shown in Figure 4-94. The right and left circular

polarization combine on the axis to give a linearly polarized beam.
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OVER-ALL TEST PROGRAM PRESENTATION

The objectives, results, and conclusions for each item tested are

presented first for cursory evaluation and the detailed procedures and

equipment set-ups presented immediately following the conclusions

for those who wish to confirm the details backing up the conclusions

drawn.

In these sections, no attempt is made to draw conclusions outside

the scope of the particular test and objective discussed for each item

of equipment. Over-all impact of the tests and conclusions involving

a multiplicity of test results are summarized in Section 7. O, Volume

IV, of this report.

A large amount of test data is presented so that one may examine

the basis for interpreting the test results; however, duplicate data

and data considered of coubtful value in determining performance

parameters of the equipment tested has been omitted.

The original test plans were quite complete and covered many

procedures which were later deleted because of the results obtained

in the earlier tests or reappraisal of the test objectives in order to

obtain the maximum information pertinent to future system development.
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SECTION 5. 0 LABORATORY TEST PROGRAM

The results of laboratory tests performed on the components, units

and systems are given including the objectives, conclusions, equip-

ment set-ups, and procedures.

5.1 Component Tests

5.1. I Voltage Controlled Crystal Oscillator (VCXO)

5.1. I.I Objective - To me_sure the center frequency, frequency range, linearity,

sensitivity, output power, signal-to-noise ratio, and short and long term

frequency stability of s_ample VCXO's. The samples were:

I. Damon Engineering Company Model No.

Z. Damon Engineering Company Model No.

3. Damon Engineering Company Model No.

4. Damon Engineering Company Model No.

5. Damon Engineering Company Model No.

6. Midland Manufacturing Company Model No.

7. Midland Manufacturing Company Model No.

5209WA-Serial No. 2

5209WA-Serial No. 3

5209WA-Serial No. 4

5209WB-Serial No. 1

5244WA-Serial No. 2

10C1-Serial No. 102-563

10C1-Serial No. 106-763

5. i. I. Z Results and Conclusions - The test results are shown as follows:

I. Center Frequency - Table 5-I

Z. Frequency Range - Table 5-1

3. Linearity - Table 5-i and Figures 5-1 through 5-4

4. Sensitivity - Table 5-1 and Figures 5-I through 5-4

5. Output Power - Table 5-1 and Figures 5-1 through 5-4

6. Signal-to-Noise Ratio - Table 5-i

7. Short-Term Stability - Table 5-i and Figures 5-5 through 5-12

8. Long-Term Stability - Table 5-1 and Figures 5-13 through 5-18

The center frequencies (with 0 volt bias), frequency ranges (with bias

varied from ÷10 to -10 volts), linearities (rates of frequency change with

bias change), sensitivities (frequency changes per volt of bias change), and

output powers of the units tested were compatible with the operational re-

quirements and unit specifications.

Signal-to-noise ratios (between operating frequencies and largest spurious

outputs) of +60 db were found to be attainable.

The frequency stabilities were found to improve significantly with extended

periods of continuous operation.
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5.1.1.3

5.1.2.2

Test Procedure - The tests were conducted at room environmental

conditions with the test set-up of Figure 5-19 in the following manner.

1. Center Frequency - with the bias at 0 volts and the switch in

positionA, the frequency was displayed on the frequency counter
and recorded.

2. Frequency Range - with the bias at +10 volts and the switch in

position A, the frequency was displayed on the frequency counter

and recorded. With the bias at -10 volts and the switch in position

A, the frequency was displayed on the frequency counter and recorded.

3. Linearity and Sensitivity - with the switch in position A, the bias was

adjusted from +10 to -10 volts in 0. 5 volt increments. The frequency

displayed on the frequency counter at each bias setting was recorded

and the frequency vs. bias characteristic plotted.

4. Output Power - With the switch in position B, the bias was adjusted

from +10 to -10 volts in 0. 5volt increments. The power reading,

after correction for transmission line and switch losses, was recorded

at each bias setting and the power vs. bias characteristic plotted.

5. Signal-to-Noise Ratio - with the switch in position C, the operating

frequency and spurious output frequencies were displayed on the spec-

trum analyzer. The ratio of the operating frequency to the largest

spurious output was recorded.

6. Frequency Stability - with the switch in position A, the frequency was

displayed on the frequency counter and recorded periodically. The

frequency vs. time characteristic was plotted.

Crystal Bandpass Filter

Objective - To measure the selectivity and phase shift versus frequency

characteristics, at - 4°F, room temperature, and +168°F, of the following

crystal bandpass filters:

1. Ortho Industries Model No. 8246-Serial No. 1

2. Damon Engineering Company Model No. 5209E-Serial No. i

3. Bliley Electric Company Model No. BFN-llB28-Serial No. 1

Results and Conclusions - The test results are shown in the graphs of

Figures 5-20 through 5-28.

I. Ortho Industries Model No. 8256-Serial No. 1 - The bandpass shifted

higher in frequency with increase in temperature to 150MHz deviation

from -4 ° to +168°F. The phase versus frequency characteristic was

linear throughout the temperature range, but the phase at the desired

center frequency shifted through 85 degrees.

2. Damon Engineering Company Model No. 5209E-Serial No.l - The center

frequency of the bandpass was not affected by temperature change. The

phase versus frequency characteristic was linear throughout the tempera-

ture range, with only a 10 degree maximum phase shift at the center

frequency.
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5.1.2.3

5.1.3.2

5.1.3.3

5.1.4

5.1.4.1

. Bliley Electric Company Model No. BFN-IIB28 - Serial No. l

The frequency response characteristic exhibited an undesirable

degree of ripple throughout the bandpass. The center frequency

and bandpass were affected very little by temperature. The

phase versus frequency characteristic remained linear but the

phase at the center frequency shifted 146 degrees throughout

temperature range.

Test Procedure - With a Polarad SA-84WA Spectrum Analyzer used

as a monitor, and a hp 608 Signal Generator used as a source, the

insertion loss versus frequency (selectivity) was measured by straight

substitution. Phase measurements were performed by comparing

the hp 608 Signal Generator and the filter outputs through a phase

detector.

Microwave Power Amplifier

Objective- To measure the intermodulation products generated by

three sample microwave power amplifiers.

i. Trak Microwave Amplifier, Model No. 2975-1500 - Serial No. 3658

2. TrakMicrowave Amplifier, Model No. 2975-1500 - Serial No. 3659

3. Trak Microwave Amplifier, Model No. 2975-1500 - Serial No. 3660

Results and Conclusions - The test results are shown in Tables 5-2

through 5- 6.

With other than ideal amplifier operating conditions, third order

intermodulation products cannot be expected to be more than 25 db
down from the carrier level.

Test Procedure - The intermodulation tests were performed in the same

manner as described in 5.2.14.3, pg. 5-131.

Tunnel Diode Mixer - (Brown Engineering Company, Inc. Report #

AROD- 3- E- 2)

Objective- To measure intermodulation products and conversion-

gain, from -4°F to + 165°F, of the following tunnel diode mixers:

1. International Microwave Corporation Model No. DCC-gZ05-

Serial No. I.

2. International Microwave Corporation Model No. DCC-ZZ05-

Serial No. 2.
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5.1.4.2

5.1.4.3

5.1.5

5.1.5.1

5.1.5.2

Results and Conclusions - The test results are shown in Figures 5-29
through 5-37.

The intermodulation products were not detectable until the two input

powers were increased to -30 dbm. A shown in Figure 5-29

through 5-33, the third and fifth order intermodulation products

are below -200 dbm and -300 dbm, respectively, throughout the

temperature range with the input powers typical of those expected

in actual AROD system operation.

The conversion gains, within a 40 MHz bandwidth centered about

I00 MHz, were found to be between -1.5 and +2.0 db throughout

the temperature range and with different l_,cal oscillator frequencies,

as shown in Figures 5-34 through 5-37.

Test Procedure - The intermodulationwas measured by a two-tone

test using signal generator inputs and an Empire Device NF 105

Noise and Field Intensity Meter as the detector. The conversion

gain was measured, with the local oscillator adjusted for maximum

mixer output, by a substitution method employing a Polarad

SA-84NA Spectrum Analyzer as the detector. The noise figure test

used an AIL 2010 Noise Generator in conjunction with an Empire

Device NF105 Noise and Field Intensity Meter and AN74 Automatic

Noise Figure Indicator. Detailed descriptions of these tests are

given in Brown Engineering Company, Inc. Report No. AROD-3-E-2.

Tunnel Diode Amplifier (Brown En ineerin Corn an , Inc. Report
No. AROD-2-E-1)-

Objective - To measure the gain, noise figure, intermodulation

products, and phase characteristics, from-4°Fto +165°F, of

the following two tunnel diode amplifiers:

1. Microstate Model No. NC 2203

2. Microstate Model No. NC 2205

Results and Conclusions - The test results are shown in Figures 5-38

through 5- 47.

The normalized gain versus frequency characteristics, as shown in

Figure 5-38 and 5-39, indicate the selectivity and frequency response

of the tunnel diode amplifiers. Comparison of these characteristics

at the different temperatures show a maximum variation of approximately

8 db for Model No. NC 2203 and approximately 15 db for Model No.

NC 2205. The gain of both units at 2215 MHz and ambient temperature

was approximately 21 db.
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The noise figure versus frequency characteristics, as shown in
Figures 5-40 and 5-41, indicate variations of as much as 1.5 db
with temperature. The noise figure of both units at 2715 MHz
and ambient temperature was approximately 6 db. The intermod-
ulation products expected with operational conditions, as shown in
Figures 5-42 through 5-47, are no greater than -100 dbm (third
order) and -l 50 dbm (fifth order) throughout the temperature range.
The phase delay versus input frequency characteristics are sum-
marized in Table 5-7.

Microstate T-D Amplifier

Model 2203 Model 2205

Phase Linearity + 0.3% Maximum +__0. 3% Maximum

Slope 3 deg/IV[Hz 3 deg/MHz

Phase Delay -4° at -20 ° C -83° at -20°C

(¢out -qin ) + 7o at +25°C -32° at +25° C

at 2214 MHz +7° at +80° C +17.5 ° at +80 ° C

Phase Characteristics of Tunnel Diode Amplifiers

Table 5-7.

5.1.6.2

The variations in gain with temperature are rather severe. The

noise figure, intermodulation products, and phase characteristics

are adequate and are sufficiently temperature stable.

Parametric Amplifier

Obiective - To determine the operating characteristics of the

Airborne Instruments Laboratory Parametric Amplifier Model No.

3397, Serial No. 001. The characteristics measured were the gain,

noise figure, intermodulation products, phase delay, and stability.

Results and Conclusions - The amplifier had a maximum gain of

approximately 16 db within a 3 db bandwidth of 30 MHz. The maximum

+ l db throughout the temperature range from +35°F to +132°F.

Saturation, defined by gain non-linearity, began with the input power

at -50 dbm.

The noise figure varied from 4.5 to 6 db under the influence of

temperaturt: change. The third order inter,nodulation products were

no less than I1 db below the carrier and the fifth order were no less

than 40 db below the carrier when measured at room ambient

temperature.
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"5.2

5.2.1

5.2.1.1

5.2.1.2

An inherent frequency instability in the parametric amplifier
caused the phase measurements to be unreliable. Sufficient
stability for normal operation could be obtained after warm-up

times in excess of one hour.

The parametric amplifier weighed 50 pounds and required an

input power of 805 watts with the cooler operating and 172.5 watts

without.

Unit Tests

Vehicle Master Oscillator and Frequency Synthesizer (VMO/FS)

Objective - The laboratory tests performed on the AROD Vehicle

Master Oscillator and Frequency Synthesizer {VMO/FS) included

oscillator stability, oscillator warm up time, spurious outputs,

and rms phase jitter. All tests were conducted only at room

temperature. Only the stability test was performed on both units.

All other tests were conducted on Unit #2.

Results and Conclusions - Oscillator Stability. The results of the

phase comparison for VMO/FS #1 is shown in Figure 5-48. The

plot shows that the stability of the master oscillator was approximately

2 parts in 108/day. The frequency of the oscillator was decreasing

steadily with time, but its setting remained within 1 part in 107 of

the desired center frequency for the entire period of the test. If

the frequency of the oscillator had been set higher than the desired

center frequency and just barely within 1 part in 107 accuracy, it is

estimated that this accuracy would have been held for approximately

ten days due to the constant drift in one direction.

The results obtained from a test of VMO/FS #2 showed that the

stability of the master oscillator was approximately 1.2 parts in 108 /

day. The frequency of this oscillator was also decreasing steadily

with time and its setting also remained within 1 part in 107 of the

desired center frequency for the entire period of the test. If the

frequency of the oscillator had been set higher than the desired

center frequency and just barely within 1 part in 107 , it is estimated

that it would have remained within this accuracy for a period of

approximately 16 days due to the constant drift in one direction.

Warm Up Time. The results of the warm-up tests are shown in
Table 5-8.
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Time Off Warm-Up [Fime for 1

Part in 10 _ Stability

30 seconds

1.0 minute

2, 0 minutes

5.0 minutes

15.0 minutes

30.0 minutes

1.0 hour

2. 0 hours

15 seconds

20 seconds

30 seconds

48 seconds

2 minutes,

6 minutes,

10 tninutes,

14 minutes,

55 seconds

9 seconds

20 seconds

15 seconds

VMO/FS Oscillator Warns-Up Time

Table 5-8

Expected Signal

__ {MIIz)

Output Frequencies* Power Level

(MHz) _ (dbrn)

71.13825 71

--- 142

--- 189

68.997515625 68

--- 138

--- 183

140.52 14(I.

--- 125

--- 151

--- 153

20.8438 20

--- 21

--- Z0

--- 22

13825 413

261 -61

876 -67

997515625 +II

020 -71

034 -73

52 +I0

694 -36

682 - 50

182 -60

8438 4 10

076 -48

6O5 -48

25l -5O

*l_'requen¢:ie_ of the spurious signals were not accurately detern_ined,

but tho_e listed are within a few ktlz of tile actual frequencies.

VMO/[,'S Spurious OLaputs

'Fable 5-9
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5.2.1.3

Spurious Outputs. The results of the measurement of spurious

outputs are listed in Table 5-8. The test results indicate that

one of the spurious outputs was down 46 db below the desired

output, with all other spurious outputs down by more than this

amount.

RMS Phase Jitter. The average of these measurements was 0. 221

rms phase jitter at the 14.052 MHz output of the VMO/FS.

O

Test Procedure - Oscillator Stability. The rms Model 1311 VLF

phase tracking receiver was tuned to receive a VLF station which

provided a very accurate frequency reference. The VMO/FS

supplied a I00 KHz signal derived from the output of its master

oscillator. The I00 KHz signal supplied by the VMO/FS was

compared in phase with a I00 KHz signal derived in the VLF

receiver from the received signal. The phase difference between

the two I00 KHz signals was plotted on the recorder paper.

The phase difference between the two signals was recorded continuously

for a period of over three days for VMO/FS #1 and for a period of

nine days for VMO/FS #2.

Warm-Up Time. The test of the VMO/FS oscillator warm-up time

was performed using a Hewlett Packard 5245L counter and a watch.

The 140.52 MHz output of the VMO/FS was connected to the counter.

After the count had stabilized, the counter reading was recorded.

The oscillator oven was turned off for 30 seconds and was then

turned back on. The time from oven turn on until the counter reading

returned to within + 14 Hz (10 -7) of the recorded stabilized counter

reading was then determined and recorded. The oven was then

turned off again and the procedure was repeated for off times of

i, 2, 5, 15, and 30 minutes and i and 2 hours.

Spurious Outputs. The test for spurious outputs from the VMO/FS

was performed using the Polarad SA-84 WA spectrum analyzer. The

spectrum analyzer was connected to the output jack of the VMO/FS

signal to be checked. Checks were made to determine the spurious

outputs at the jacks where the following signals were present:

71.13825 MHz, 68. 997515625 MHz, 140.52 Mttz, and 20. 8438 MHz.

RMS Phase Jitter. The test to determine the rms phase jitter on a

signal supplied by the VMO/FS was performed using the test setup

shown in Figure 5-49. Tile VMO/FS supplied a 14. 052 MHz signal
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Vehicle Master

Oscillator and

Frequency Synthe-
sizer

DC

Voltmeter

hp 410 C

14. 052 MHz

r

v

14.05Z MHz

Standard Frequency

Synthesizer

hp 4100A-S110A

14. 052 MHz

Phase Detector

I r

RMS

Voltmeter

Ballantine 320

Figure 5-49. VMO/FS RMS Phase Jitter Measurement Set-Up
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5.2.2.2

on which phase jitter measurements were made. The Hewlett

Packard synthesizer supplied the reference signal for the phase

detector. The Hewlett Packard DC voltmeter was used to deter-

mine when the phase detector indicated that the two input signals

were at exactly the same frequency. The Ballentine rms voltmeter

was used to determine the output voltage from the phase detector

due to phase jitter on the signal supplied by the VMO/FS. The

transfer function of the phase detector was determined by setting

the Hewlett Packard synthesizer to a slightly different frequency

and measuring the peak-to-peak voltage of the phase detector by

means of an oscilloscope.

The phase detector output was nulled and the rms phase jitter was

measured several times.

Vehicle Command Logic (VCL)

Objective - To determine the power consumption and the effects of

power supply variations on the VCLperformance at 27°C, 15°C, and

40oc.

Results and Conclusions - The power consumption was the same for

all temperatures tested. The B + supply of +5.5 volts drew 10.3

amperes while the bias supply of -5.5 volts drew 0.46 amperes.

Effects of power supply variation on the VCL performance at 27°C

were determined by varying the B+ supply from 4.5 to 6.4 volts.

No change occurred in the operation of logic gates at the extreme

voltage levels of the supply. The operating range of the flip-flops

varied from 3.5 to 5.0 volts. All flip-flops operated with B+ greater

than 5.0 volts and those failing to operate at less than 5.0 volts

contained significantly mismatched transistors. Measurements at

15°C and 40°C showed that the flip flop failures were greater at 40°C.

The flip-flop failures related to operating voltage and temperature

were corrected by changing the input coupling capacitor values from

220 pf to 340 pf.

The effect of varying the -5.5 volt bias supply is negligible over

the temperature range. The design of the trigger input circuits of

the flip-flops was too critical for AROD brassboard applications

and required the capacitor modifications previously mentioned.
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5.2.3.2

5.2.3.3

5.2.4.2

Vehicle Command Transmitter (VCT)

Objective - The Vehicle Command Transmitter for the AROD

System was designed, fabricated, and tested at Brown Engineering

Company. A brassboard model was fabricated and tested with

satisfactory results. From this model two transmitters for the

actual flight test were fabricated. The tests conducted on the two

transmitters consisted of measurement of power output and efficiency

at temperatures of-4°F, 32°F, 80°F, 158°F and 212°F.

Results and Conclusions - The test results are shown in Tables 5-10

and 5-I I. The power out varied from 3.4 watts to 4.6 watts and

the efficiency varied from 16 to 24 percent. Test results indicate

the transmitters are suitable for application in the aircraft flight test.

Test Procedure - The power output and efficiency tests were per-

formed by monitoring the RF output with an hp 431B Power Meter

and by measuring the input DC voltage and current. The RF drive

for the VCT was supplied by a signal generator augmented by a

pulse generator.

Vehicle Tracking Transmitter (VTT)

Ob)ective - Four tests were conducted on the Vehicle Tracking

Transmitter. The gain versus frequency test shows the bandwidth

of the transmitter and the shape of the bandpass curve. This test

also allows the RF power output monitor to be calibrated and pro-

vides information for efficiency calculations. In order to determine

the phase delay variations of the VTT, a phase shift versus frequency

test was conducted. Since power supply ripple causes the output to

appear phase modulated, a test was conducted to determine the

effects of power supply ripple. An additional test was performed

to determine the phase shift of the modulating frequency with respect

to the VTT case temperature.

Results and Conclusions - Gain Vs. Frequency. The gain was mea-

sured at various temperatures and different RF input power levels.

Figure 5-50 presents the gain versus frequency results. With de-

creasing RF input power, the bandwidth decreased and gain increased.

A decrease in temperature resulted in a gain decrease. The efficiency

of the VTT remained relatively constant at 7.5 percent with respect

to input power. The output power monitor voltages were dependent

both on output power and frequency as shown by Figure 5-51. An

alternate method of determining gain versus frequency using a sweep

generator indicates curves similar to Figure 5-50. This method
indicated that discontinuities found in the transmitter at several points

were not radical enough to present problems. The center frequency

and 1 db points did not exactly agree in the two methods used but, in

both tests, the bandwidth was greater than 1 3 MHz.
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Pulse Input Modulation Temperature

Volts Input No. o F

Peak Power Efficiency

Out Watt s _0

4.5 1 -4 3.8 24

4.5 2 -4 2.6 19

5.0 1 -4 4.4 25

5.0 2 -4 4.0 24

5.5 1 -4 4.5 24

4.5 1 32 4. 3 25

4.5 2 32 3.0 23

5.0 1 32 4. 6 24

5.0 2 32 4.5 24

5. 5 1 32 4. 6 23

5.5 2 32 4. 6 24

4.5 1 80 4.3 23

4.5 2 80 4.2 23

5.0 1 80 4. 5 23

5.0 2 80 4. 5 23

5.5 1 80 4. 5 22

5.5 2 80 4. 5 22

4. 5 1 158 4.2 20

4. 5 Z 158 4. 1 20

5.0 l 158 4.3 19

5.0 2 158 4. 3 20

5.5 1 158 4. 3 19

5. 5 Z 158 4. 3 19

4. 5 1 212 3.8 18

4.5 Z 212 3.8 18

5.0 1 ZlZ 3. 8 17

5.0 2 212 3.9 17

5.5 1 ZIZ 3.7 17

5.5 Z 212 3.9 18

Test Conditions

Modulation Sourc e :

Frequency Rate - I kHz

Pulse Duration - 250 _ sec.

Power Source:

Frequency - 69 MHz

Power - I0 MW

Temperatures were held stable for two (2) hours.

VCT #2 Test Data

Table 5-10
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Pulse Input
Volts

iModulation

Input No.

!Temperature
o F

1Peak Power Efficiency
Out Watt s %

4.5 1 -4 3.6 Zl

4.5 2 -4 3.6 Zl

5.0 1 -4 3.5 19

5.0 2 -4 3.4 19

5.5 1 -4 3.5 18

5.5 Z -4 3.4 18

4.5 1 32 4.0 22

4.5 2 32 4.1 22

5.0 1 32 4.2 22

5.0 2 32 4.2 22

5.5 1 32 4.2 21

5.5 2 32 4.2 21

4.5 1 8O 4. O Z0

4.5 2 80 4.0 20

5.0 1 80 4. i 20

5.0 2 80 4.1 20

5.5 1 80 4.2 19

5.5 2 80 4.2 19

4.5 1 158 4. I 18

4.5 2 158 4.0 18

5.0 1 158 4. Z 17

5.0 2 158 4. Z 17

5.5 I 158 4. Z 16

5. 5 2 158 4.2 16

4.5 1 212 0

4.5 2 212 0

5.0 1 ZlZ 0

5.0 Z 21Z 0

5.5 I ZlZ 0

Test Conditions

Modulation Source:

Frequency Rate - l kHz

Pulse Duration - 250 p mec.

Power Source:

Frequency - 69 IV[Hz

Power - i0 MW

Temperatures were held stable for two (2) hours.

VCT #3 Temt Data

Table 5- lI
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5.2.4.3

Phase Shift vs Frequency. The IF frequency from the mixers on

the output of the VTT was changed from 84MHz to 11.527 MHz

since the phase detector used was designed for this frequency.

This frequency was held to + 1 KHz during all tests. The supply

voltage to the VTT under test was held constant at 30 volts. All

tests were performed at room temperature.

The phase shift of the modulating frequency (2. 342 MHz) varied as

much as 5 ° withina i0 MHz bandpass. Minimum phase shift was

obtained by increasing the input power level and remaining in the

pass band center as shown in Figure 5- 52. The same phase shift

test was repeated several times to determine repeatibility. This

test gave satisfactory results and tends to verify the plot in Figure

5 -52.

Effects of Power Supply Ripple. Initially the phase detector was

calibrated to allow calculation of the amount of phase modulation from

the detector output. Tests were conducted for two values of ripple

voltage, 1.0 volt rms and 0. 1 volt rms. The worse case for the

l volt rms voltage gave a phase modulation index of 3.3 radians.

For this index the 3rd order 60 cycle sidelands are 1 db above the

carrier. Worse case index for the 0. I volt rms ripple was 0.35

radians. This indicates first order sidebands are down 8.7 db and

others down greater than 20 db. Extrapolation from the measured

values indicates that the power supply ripple should be required to

be no worse than 1 revolt ripple at 30 volts.

Phase Shift of the Modulating Frequency with Respect to the VTT

Case Temperature. The phase meter was calibrated at 87. 1 nano

seconds in the variable delay line with no delay time in the delay

switch. The input power and frequency were held constant at I0 mw

and 71. 1385 MHz. The RF frequency into the phase detector was

held constant at 84 MHz, with a modulating frequency of 2. 342 MHz.

A blower used in previous tests to cool the VTT was removed during

this test. The DC supply and RF input powers were applied and

recordings made of case temperature (at the hottest point), time,

and phase shift. Results indicate the phase shift of the modulating

frequency varied a total of 16 ° from cold to hot as shown in Figure

5-53.

Test Procedure - The procedures used for the measurements were

those indicated by the equipment set ups of Figure 5-54 through

5-56.
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5.2.5.2

Vehicle Tracking Receiver (VTR)

Objective - To determine the characteristics of the Vehicle

Tracking Receiver (VTR) by conducting various tests on the

equipment including sensitivity and selectivity, RMS phase jitter

and phase error measurements, signal plus noise to noise ratio

measurements, acquisition tests, dropout signal level, and
tracking measurements.

Results and Conclusions - Sensitivity. The input power levels

required to establish a "Standard Response" for each of the five

signal paths is given in terms of rms phase jitter are given in
Table 5-12.

Selectivity. All selectivity measurements were deleted from the

test plan. This was done because of the difficulty that would have

been encountered in making measurements. An analysis by AD/COM

personnel indicated that selectivity measurements on the tracking

filters (PLL) would be somewhat ambiguous and meaningless.

RMS Phase Jitter. Root mean square phase jitter (rms) as a

function of the input signal level for the carrier loops of channels

#1, #2, and #3 and the 2. 342 MHz loop of channel #1 was obtained.

The main loop tests showed rms phase jitter values between 2.5 °

and 30 ° with respective power levels of -96.5 dbm and -136.5 dbm

for channel one. Channel two varied from 5.25 ° at -100 dbm to 18 °

at -139 dbm, while channel three varied from 14.3 ° at -85 dbm and

15.8 ° at -110 dbm. The 2. 342 MHz loop of channel one showed

rms phase jitter of 1.8 ° at -93.5 and 43.7 ° at -133.5 dbm. Channels

two and three did not appear satisfactory since a "Standard Response"
could not be obtained due to receiver self-noise which masked the
front end thermal noise.

Phase Error (Without Acceleration). Channel one showed phase
error variation between 0.07 ° at -160 Hz and 0. 16 ° at +160 Hz.

Channel three varied between 2.56 ° at -160 Hz and 2.68 ° at +160 Hz.

Phase Error (With Acceleration). The maximum phase error for

the 4. 684 MHz loop of channel one varied from 1.5 ° at 2 KHz/second
to 4. 35 ° at 6 KHz/second. Channel two phase error varied from
3.8 ° at 2 KHz/second to 13.6 ° at 6 KHz/second. Channel three

results appeared erratic, varying from 2. 15 ° at 2 KHz/second to

4.25 ° at 4 KHz/second and then to 1.4 ° at 6 KHz/second.

The results for the 2. 342 MHz range tone loop of channel one showed
a 0.075 ° phase error at 2 KHz/second and a 0. 15 ° phase error at

6 KHz/second. The results for the 2. 342 MHz range tone loop of

channel three were inconclusive since no data was taken below 6
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Table 5-I Z

- 140 dbm

-Z400-Z000-1600-1Z00 -800 -400 0

I i I
+400 +800 +1200+1600+Z000+2400
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Figure 5-57. VTR Acquisition Level versus Doppler Shift
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KHz/second. At 6 KHz/second the phase error was 0. 15 ° and

indications were that at lower doppler accelerations the phase error
was less.

Acquisition Tests: The acquisition level versus doppler in VTR

channel one is shown in Figure 5-57. This plot showed maximum

pull-in range of 3327 Hz with maximum signal level of -116 dbm

for +1690 Hz doppler on the carrier. Channel two showed a pull in

range of 2100 Hz and required a maximum signal of -70 dbm for

-1300 Hz doppler and a minimum of -132 at zero doppler. Channel

three's pull-in range was 2930 Hz requiring a maximum signal of

-104 dbm for -1700 Hz doppler. Atypical plot of acquisition time

is presented in Figure 5-58 and the summarized results of this test
are as follows:

Channel Maximum Time, Signal

Level and Doppler Offset

1 600 ms,

2 750ms,

3 600 ms,

Minimum Time, Signal

Level and Doppler Offset

-128-5dbm, +300 Hz 2 ms, -102-5dbm, +200 Hz

-103dbm, +I000 Hz 2 ms, -95dbm, O Hz

-ll4dbm, +1157 Hz 5 ms, -109dbm, O Hz

With a doppler acceleration of + to - at 10 KHz/sec, the VTR locked
on to signal levels down to -105 dbm. At -110 dbm it failed to lock.

At this level, the acceleration was reduced until lock was obtained

at 8.5 KHz/sec. With signal level reduced, the receiver lost lock at

-115 dbm. Again the acceleration was reduced and lockwas re-

obtained at 4 KHz/sec. With signal level reduced to -118 dbm the

receiver again lost lock. Lock was reacquired by reducing the

acceleration to 3.0 KHz/sec. With the doppler sweeping from -160

KHz to + 160 KHz with 10 KHz/sec acceleration, the receiver lost

lock at -110 dbm. The signal level was reduced to -115 dbm and
lock was obtained when the acceleration was reduced to 5 KHz/sec.

At -118 dbm with 4.5 KHz/sec acceleration the receiver would not

lock, but upon reaching 4.0 KHz/sec acceleration lock was obtained.

The results of this test, when compared with the tracking rate after

acquisition, indicate that the receiver can track at a lower signal

level and a much higher rate than that initially required for lock.
This was confirmed when other tests showed that the receiver could

track a -140 dbm signal at a rate of 12. 5 KHz/sec.
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Signal Plus Noise-to-Noise Ratio. The information obtained from

this test was the (S+N)/N ratio of the 73. 1875 KHz and the 71.47 Hz

range tones of channels one and three as a function of the input
signal level.

Results of the 73. 1875 KHz range tone of channel one showed a

(S+N)/N ratio of 47.2 db for a -82 dbm signal level which decreased

to 5.4 db at -102 dbm and then increased to 30.3 db at -112 dbm.

The same tone on channel three showed a ratio of 26.7 db for

a -74.5 dbm input signal level which increased to a maximum of

29.5 db at -84.5 dbm and then decreased to 16 db at -119.5 dbm.

This plot is shown in Figure 5-59. The 71.47 Hz range tone of

channel one showed a ratio of 32 db at -82 dbm input signal level

which decreased to 9.5 db at -122 dbm. Channel three showed a

ratio of 26 db at -74.5 dbm which increased to 29 db at -84.5 dbm

and then decreased to II db at -i19.5 dbm.

Phase Error (73. 1875 KHz and 71.47 Hz Tones). The phase shift

on these tones as a function of carrier doppler was determined for

channels one and three. A plot for the 73. 1875 KHz tone of channel

one is shown in Figure 5-60. The largest phase shift noted over

the entire doppler frequency range was 4.5 ° on the 71.47 Hz range

tone of channel one with a maximum phase shift of 2. 0 ° on the

73. 1875 KHz tone of channel one. The maximum phase shift on
the 71.47 Hz tone of channel three was 2.0 ° and the maximum on

the 73. 1875 KHz tone was 1.5 ° .

Phase Error Versus Input Signal Level. This test was conducted to

determine the phase error due to changes in input signal level for all

four range tones of channel one and for the 73. 1875 KHz and 71.47

Hz range tones of channel three.

The plot for the 2. 342 MHz range tone of channel one is shown in

Figure 5-61. This tone showed a phase shift of 16.9 ° between -89. 5

dbm and -i19. 5 dbm. The 73. 1875 KHz tone of channel one showed

2°a phase shift between -80 dbm and -125 dbm and a 13 ° phase shift

between -125 dbm and -129 dbm. The 2. 287 KHz range tone of channel

one showed 16 ° phase shift between -80 dbm and -i00 dbm and a 20 °

phase shift between -lll dbrn and -130 dbm. The 73. 1875 KHz tone

4 °of channel three showed a phase shift between -76 dbm and -86 dbm

and a 0 ° phase shift at input levels above -86 dbm. Channel three's

71.47 Hz tone showed a zero phase shift over the signal range investi-

gated (-76 dbm to -If6 dbm).
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Dropout Signal Level. This test was conducted to determine the

minimum signal level required by each channel to stay in lock within

the pull-in range of the channel. In addition the length of time that

the signal could be interrupted and the channel retain lock under

various signal conditions.

Once the channel was locked onto the signaljthe input power was

reduced and the point of signal dropout was recorded. Channel

one's dropout level varied between -135 dbm and -139 dbm over

its pull-in range. Dropout level for channel two varied between

-133 dbm and -135. 5 dbm over its pull-in range. Channel three

dropout level varied between -135. 5 dbm and -149.5 dbm.

The dropout times versus carrier doppler at zero doppler accelera-

tion between 0 and -160 KHz were determined. The channel #i

dropout time varied between 320 milliseconds at -i0 KHz and ii0

milliseconds at -100 KHz, while the channel #2 dropout time was

a constant 225 milliseconds for a doppler offset up to -160 KHz.

Channel #3 dropout time varied between 300 milliseconds at -10

KHz and 230 milliseconds at -160 KHz.

Dropout times resulting from different signal levels at 0 doppler

were determined. Channel #i results began at 470 milliseconds

for an input signal level of -124 dbm and decreased to 120 milli-

seconds at -136 dbm, while channel #2 began at 225 milliseconds

at -128 dbm and decreased to 60 milliseconds at -140 dbm. Channel

#3 began at 275 milliseconds at -127 dbm and decreased to 22.5

milliseconds at -139 dbm.

Dropout times resulting from different signal levels having 6 KHz/

second doppler acceleration were determined. Channel #I dropout

times were between 350 milliseconds at -I 14 dbm and 30 milli-

seconds at -129 dbn_. Channel #2 dropout times went from 150

milliseconds at -120 dbm to 15 milliseconds at -135 dbm. Channel

#3 dropout times went from 200 milliseconds at -122 dbm to 20

milliseconds at -135 dbm.

Results of dropout times versus doppler acceleration at constant signal

level were determined. Channel #i results show a 95 milliseconds

dropout time at 4 KHz/second with the dropout time decreasing to

40 milliseconds at 10 KHz/second. Channel #2 results varied from

140 milliseconds at 3 KHz/second up to 150 milliseconds at 4 KHz/

second and down to 20 milliseconds at I0 KHz/second. Channel #3

results were a maximum of 200 milliseconds at 3 KHz/second and

the dropout time was doen to I00 milliseconds at I0 KHz/second.

Maximum Acceleration. This test was conducted in order to determine

the maximum doppler acceleration that each channel would track for a

given signal level.
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5.2.5.3

Channel #1 was able to track a -103.5 dbm signal with a doppler

acceleration of 184 KHz/second and a -133.5 dbm signal with a

doppler acceleration of 37 KHz/second. Channel #2 tracked a -90 dbm

signal at 184 KHz/second and a -141 dbm signal at 12 KHz/second.

Channel #3 tracked a -100 dbm signal with an acceleration of 182 KHz/

second and a -138 dbm signal with a 10 KHz/second acceleration. The

maximum doppler acceleration to be encountered in tracking a space

vehicle is approximately 6 KHz/second. All three Channels are capable

of tracking a signal with this doppler acceleration without difficulty.

Conclusions- These results indicate that the noncoherent demodulation

{product detector) scheme used on all signals except the carrier reduced

the sensitivities of the tones by 20 db from the carrier. While this

noncoherent demodulation scheme did render inclusive the results

of measurement of signal-to-noise ratio as a function of input power

and measurements of phase shift as a function of frequency and input

power on the various range tones, it will not incapacitate the system

for other tests programmed during the design study. The results

do indicate a necessity for coherent demodulation of all tones in future

versions of the system. The results of rms phase jitter measurements

as a function of input signal-to-noise ratio indicate that inadequate short

term stability of the VCO resulted in enough jitter to mask all other

effects since the rms phase jitter did not significantly decrease as

signal level increased. Measurement of the maximum dropout time

before losing lock resulted in the determination of a desig n limit of

200 to 250 milliseconds due to a provision for returning to center freq-

uency at dropout. By ren-,ov-ing this provision, this retention time may

be extended to 2 to 5 seconds with no adverse effects on the system. A

very small static error measured as a function of the displacement of

input frequencies from nominal and doppler accelerations indicates an

excellent performance by the pseudo third order phase-lock loops.

Test Procedure - Sensitivity. Figure 5-6Z gives the test setup used.

Input signal level was adiusted until the "Standard Response" phase

jitter was obtained. Sensitivity measurements were not made on

the 2. Z87 KHz range tone signal because of the 71.47 Hz sidebands

which appeared on the output. Channel one carrier gave a "Standard

Response" with power level at-116.5 dbm, while channels two and three

could not obtain the "Standard Response". The 2. 342 MHz tone did not

yield a "Standard Response" on channel one and was not tested for

channels two and three. On the 73.1875 KHz tone a level of -96 dbm

was required for channel and -98 dbm was required for channel

three. At -84.5 dbm channel one gave a "Standard Response" for the

71.47 Hz range tone, while channel three gave a "Standard Response"

at -97.5 dbm. Channel two range tones were not tested because mod-

ifications were not made in the range tone circuitry.
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Where "Standard Response" was not obtained, the jitter in the

receiver could not be reduced to the required level. This indicates

that the receiver self-noise (VCO jitter, etc.) masks front end noise.

RMS Phase Jitter. The channel under test was locked onto the input

signal and the phase shifter in the Vehicle Test Set (VTS) was adjusted

for a null at the VTR phase detector output. The rms phase jitter

and signal level were then recorded. This procedure was repeated

for a number of different signal levels on the loops tested.

Phase Error (Without Acceleration). The test setup shown in Figure 5-6Z

was also used for measurement of phase error of the 2. 342 MHz loop

resulting from changes of range tone doppler with zero acceleration.

The VTSwas adjusted to provide a -100 dbm signal to the VTR. This

procedure was repeated for the same input power level, but for a

doppler frequency range of + 160 Hz on the 2. 342 range tone.

Phase Error (With Acceleration). Phase errors of all carrier loops

and the 2. 342 MHz loop of channels one and three resulting from

various rates of doppler acceleration on the carrier frequency was

determined using setup shown in Figure 5-63. The channel under

test was locked on the carrier signal of -100 dbm and the function

generator of the VTS was adjusted to provide a given doppler accelera-

tion on the carrier frequency.

Doppler acceleration for the test was varied between 2 KHz/second

and I0 KHz/second. The output of the loop detector under test was

monitored on the CEC oscillograph. Maximum phase errors for each

test were taken from the oscillograph and plotted.

Accluisition Tests. The VTS was set to supply the desired frequency

and the signal level was increased until lock was indicated on the VTR.

By repeating this process for numerous doppler offsets the pull-in

range of each channel was determined.

Acquisition time as a function of signal levels and doppler offsets

were determined using arrangement shown in Figure 5-64.

The test of acquisition level versus sweep rate was conducted on

the VTR. In this test the doppler was tracked both from +160 KHz

to -160 KHz and from -160 KHz to + 160 KHz while signal level

was changed to determine the fail-to-lock level.

Signal Plus Noise-to-Noise Ratio. This measurement was performed

using the VTS and an RMS voltmeter. The signal plus noise measure-

ment were taken at the range tone output for a number of input levels.

Next the noise level was measured by turning off the proper range

tone on the VTS and recording the RMS voltage on the tone output.
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Phase Error (73. 1875 KHz and 71.47 RMS Tones). The test setup

used is shown in Figure 5-65. Measurements were made over the

full carrier doppler range of + 160 KHz for both range tones.

Phase Error Vs. Input Signal Level. The test setup was the same as

shown in Figure 5-71. The test was performed with zero doppler on

the carrier frequency and varying input level.

Dropout Sisnal Level. The dropout level tests were run concurrent

with the acquisition level tests using the same test setup.

Maximum Acceleration. Measurements were made using the test

setup shown in Figure 5-63. The channel was locked onto the input

signal and the doppler acceleration was increased until the system

would not continue to track. This was done for all three channels at

various signal levels.

Next the equipment was connected as shown in Figure 5-66. The RF

gate on the H.P. 8714A modulator was triggered by the 585A oscillo-

scope gate signal. The off time of the signal was varied until the

channel lost lock. This procedure was performed under various

signal conditions.

Vehicle Range Extraction Unit (VREU)

Objective - The reference range tone generator phase shift and

discriminator sensitivity versus temperature were determined at

room ambient and if0 ° F.

5.2.6.2 Results and Conclusions - The phase shift between adjacent tones

due to temperature variations was less than 0.5 microsecond. The

data obtained indicated that the phase delay was not constant, but

in all cases remained below 0.5_s. At room ambient and at 110 ° F

the phase delays between adjacent tones were less than 0.6Vs. These

results indicate that the reference tone generator has an acceptable

amount of propagation delay at both temperature extremes.

The discriminator sensitivity was measured by shifting the phase on

a simulated range tone input until the bit in the actual range register

corresponding to the discriminator changed states. The results of

this test were not conclusive. Delays experienced were not indicative

of the discriminator sensitivity. A better method of testing for

sensitivity was to monitor the least significant bit in each range tone

register. This was conducted on one channel with good results.
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5.2.7.2

Vehicle Velocity Extraction Unit (VVEU).

Objective - To determine the triggering level of the Schmitt Trigger
and the telemetry readout pulse width variations as a function of

temperature.

Results and Conclusions -

Schmitt Trigger.

Triggering level using a 200 kHz sine wave input:

1. A stable 2.5 _sec, 4.5 V DC pulse output with a 0.35V rms input
at 50 ohms.

2. An unstable (pulse jitter) 3.6 _ sec, 4.5 V DC pulse output began to

occur when the signal input dropped to 0.08 V rms.

3. The Schmitt trigger dropped out when the signal input was reduced to
0.05 V rms.

Triggering level as a function of DC voltage (all channels were adjusted

for the same DC triggering level):

1. Output transistor (Qz) turn-on voltage occurs with an input voltage of

-0. 005 V DC at 78°F.

Z. Output transistor (Qz) turn-off voltage occurs with an input voltage of

+0. 005 V DC at 78°F.

3. DC triggering level at 110°F remains the same as indicated in I and Z

above.

Telemetry Readout. Telemetry Readout (TR) pulse width variations as a

function of temperature:

1. When TR<48bt see, the integrator does not provide sufficient

voltage to trigger the Schmitt trigger.

2. For a TRpulse width greater than 50bt sec, the integrator provides

sufficient voltage to trigger the Schmitt trigger.

3. ll0°F operation did not alter the results obtained at 78°F.

The data at 78°F and 110°F were identical, and it is concluded that the

VVEU will operate at ll0°F.

5-93



5.2.8.2

Vehicle Timing Unit (VTU}.

Objective - To determine the triggering level of the Schmitt triggers

and the propagation delay and phase jitter of the Pattern Generator.

Results and Conclusions -

Triggering level using a 200 kHz sine wave input.

1. A stable 2.5_tsec, 4.5 V DC pulse output resulted with a 0. 35 V rms

input at 50 ohms.

2. An unstable (pulse jitter) 3.6_sec, 4.5 V DC pulse output began to

occur when the signal input dropped to 0.08 V rms.

3. Schmitt trigger drops out when the signal input reduces to 0.05 V rms.

Propagation Delay of Pattern Generator.

Propagation delay as a function of temperature (78OF and l l0°F).

1. Delay between 100 kHz and 10 kHz_ 80 n sec.

2. Delay between 10 kHz and 1 kHz_ 120 n sec.

3. Delay between 1 kHz and 0. 1 kHz _. 50 n sec.

4. Delay between 100 Hz and 10 Hz_ 120 n sec.

5. Delay between 10 Hz and 1 Hz_ 80 n sec.

6. Delay between 1 Hz and 0. 1 Hz _ 80 n sec.

7. Delay between 0. 1 Hz and 1/60 Hz_ 100 n sec.

8. Delay between 1/60 Hz and 1/300 Hz_ 100 n sec.

Phase Jitter of the Pattern Generator.

1. Phase jitter is dependent upon Schmitt trigger stability and occurs

when the Schmitt trigger input approaches a marginal drive voltage.

The marginal drive voltage _, 0.08 V rms.

2. When the Schmitt trigger operates marginally, the degree of phase

jitter increases as the number of cycles of fl increases per fz cycle.

fl and fz are the input-output frequencies of an "end around counter",

respectively. At the end of one fz cycle, phase jitter may jump from

10° to 180 °, depending upon Schmitt trigger stability.
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5.2.9.2

3. No change in phase jitter was noticed at ll0OF other than the jitter
described in I and 2 above.

Conclusion. The Schmitt trigger data provided sufficient information to

establish an acceptable 200 kHz minimum input signal of 0.35 V rms from

the synthesizer.

The total propagation delay of the Pattern Generators was not sufficient to

generate any timing mismatch. The propagation delay could be as great as

4.5_ sec, and the VTU would continue to operate correctly (assuming a gate

transfer time of 0.5_tsec). The total propagation delay was Xtp=0.730_ sec.

The data at 78°F and ll0°Fwere identical; therefore, it is concluded that the

VTU will operate properly at 110°F.

Vehicle Test Set {VTS)

Objective - The final acceptance tests on the Vehicle Test Set were conducted

at Sperry Microwave Electronic Company, Clearwater, Florida, under obser-

vation of an engineer from Brown Engineering Company. The tests included

verification of the IF and RF outputs as to correct frequencies, power levels

and linearity of output attenuators. Tests were also conducted to insure that

there was a zero phase delay on each range tone through the test set. Doppler

offset and calibration of the function generator was also conducted. The doppler

readout was also verified.

Results and Conclusions -

IF Output. The IF output of each channel was monitored on a spectrum

analyzer. Positive phase lock of each range tone was verified and proper

frequency verified by use of a counter. Output levels and spurious responses

were verified to be correct by use of power meter and analyzer. Linearity

of attenuators was tested by comparing with the output of a calibrated signal

generator. All tests were satisfactory and meet the specification require-

ment s.

RF Output. The RF output was tested by using the same procedures and

similar equipment as used for the IF tests. Test results confirmed the RF

output to be as required by specification.

Function Generator. The sine-cosine potentiometers of the function gene-

rator were examined to see how closely they would reproduce a sine wave

function. These potentiometers varied from a true sine wave around the

zero crossing by 1% to 4%. Due to delivery time these units were accepted

and testing cc_inued. The doppler offset, which is controlled by the DC voltage

from wiper arm of sine-cosine potentiometer, was set up for the proper dura-

tion of + 160 KHz. The servomechanism that drives the sine-cosine potentio-
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meters was timed by use of a counter and microswitch arrangement.

The plot showed that the speed of the servo was not linear with the 10

turn potentiometer on control panel, but that maximum deviations were

approximately 5 percent. A calibration curve was plotted to be used with
the unit.

Range Tones. The range tones were checked with the AD-YU phase detector,

2050 A-l-Z, and delay line, 20Al,to determine that there was a zero phase

delay through the test set. Also, each dial was calibrated with the same equip-

ment so that desired delays could be set to simulate various ranges.

Doppler Readout. The doppler readout was checked by comparing the

IF frequency with the proper center frequency. The difference of these

two frequencies give the doppler frequency. This test verified the proper

operation of the doppler readout.

Conclusions. Tests were conducted on all portions of the VTS and the

results indicated that, when in proper operation, the equipment would meet

the requirements of the specifications.

5.2. 10 Transponder Tracking Receiver (TTR) #1

5.2.10.1 Objective - After the Transponder Tracking Receiver was received and

initial tests were conducted to insure that the unit was working, tests were

conducted on the equipment to determine its effectiveness for use in the

transponder equipment of the AROD System.

5.2.10.2 Results and Conclusions -

Acquisition Time. Average acquisition times were determined from the data

obtainedb] swi_cling 12 fo, These times ranged from 845 milliseconds at -81

dbm for maximum acceleration (37 Hz/sec) at AF _0 to 980 milliseconds at

-117 dbm for zero acceleration at ix F_ +I000 Hz.

The acquisition times for zero acceleration and _ = -I000 Hz fell in between

these extremes for some input power level variations. Additional data was

taken to determine how close the acquisition signal had to be to the S-band

signal at 12 fo for the receiver to obtain positive lock. This data showed that

for zero doppler the signals had to be within + 3 Hz, for fd = +I000 Hz signal

differences had to be between -I and + 53 Hz, and for fd = - 1000 Hz the sigpal

difference had to be between + 2 and- 15 Hz.
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Acquisition times determined from switching 972 fo ranged from 48.3

milliseconds at -86 dbm for AF = 0 to 140 milliseconds at -119 dbm for
AF = -1000 Hz.

Signal Dropout. The information obtained in this test was the time interval

that the signal could be turned off and returned and have the receiver retain

phase lock.

Time ranges were determined for AF = 0, AF = 1000 Hz, and _F = -1000

Hz for 12 Fo at four different power levels of the carrier. The results of

this test are presented in Figure 5-67. The shaded areas represent the time

ranges that the system might or might not retain lock. Kesults indicate that

dropout times are relatively independent of signal level at maximum doppler

effects when compared to dropout times at zero doppler effect. Since the

range tone loops are dependent on the main loop, these results are valid for

the range tone loops as well as the main loop.

Main Loop Sensitivity. Main loop sensitivity measurements consisted of

phase jitter (_b rms) at the VCO output and at the loop detector output. In

addition the lock-in threshold carrier level for doppler effect between
+ 1000 Hz at 12 Fo was also determined.

Phase jitter measurements were taken at the two previously mentioned

points separately and then simultaneously. The jitter on the main loop at

the VCO was multiplied by 77.36 and is plotted as such in Figure 5,68. The

plot marked as Test 3 is the simultaneous test results. Loop detector out-

put is plotted in Figure 5-69. The phase jitter at the two points tested seem

to be in close agreement as far as the two tests are concerned, but comparison

of the jitter at the VCO output to the jitter at the loop detector output are not

real close. This discrepancy can be attributed to the effect of phase excursions

which are normally tracked out by the loop filter. The low level accuracy

could be affected by noise errors in the AGC loop and the susceptability of the

test set to interference at low levels. The locking threshold versus carrier

frequency is presented in Figure 5-70. This plot shows the lowest threshold

level occuring at 28. 104400 MHz, indicating that the VCO rest frequency was

off center by a factor of + 400 Hz.

Kange Tones. Information obtained in these tests consists of phase jitter

at the 2. 2688 MHz and 2. 342 MHz range tone outputs, phase shift in the

2. 342 MHz loop due to changes in carrier level, and phase errors in both

loops due to carrier doppler and due to range tone doppler.

This information is shown in Figure 5-71. The plot shows the phase jitter to

decrease rapidly from -140 to -115 dbm in the 2. 2688 MHz loop and from -126

to -100 dbm in the 2. 342 MHz loop and at those points the jitter begins to level
off for both tones.
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5.2.11.3

This test validated the arrangements in that the results agreed very

closely. The plot showed that the phase shift decreases nearly linear

from a carrier level of -120 dbm to -85 dbm and from there is constant.

Results of the test determining the phase error in the 2. 2688 MHz loop due

to range tone doppler is shown in Figure 5-72. A linear phase error existed

on this tone with a phase error of +3. 5° at 2. 268700 MHz to -3.0 ° at

2. 268900 MHz. The plot of the 2. 342 MHz loop showed a very similar

characteristic with variation between +4. 5° at 2. 341900 MHz to -6.8 ° at

2. 342100 MHz. In order to determine range tone phase error versus carrier

frequency the carrier level was set at -74 dbm and the carrier frequency

varied (IZ Fo). The 2.2688 MHz phase error is shown in Figure 5-73. This

plot shows a phase error of +i0.8 ° at 28. 103000 MHz decreasing to -9.2 ° at

28. 10500 MHz. A plot of the 2. 342 MHz phase error versus carrier frequency

was similar to the 2. 2688 MHz plot with variations from +9.8 ° to -19.5 ° for

previously stated frequencies.

Test Procedure -

Acquisition Time. In order to obtain the time for the main loop to acquire

under various signal conditions, the equipment was set up as shown in

Figure 5-74 to provide mechanical switching of 12 fo. The tracking VCO

has a linear characteristic and was driven with a Krohnhite oscillator to

obtain the desired doppler acceleration. A similar arrangement was used

to switch the RF signal of 972 fo and acquisition times were measured under

these conditions.

Signal Dropout. The receiver was allowed to lock with the "S-band" signal

present for a period of ten seconds using the test setup in Figure 5-75. The

signal was removed for a short period of time and reapplied. Readings from

the oscillograph were examined to determine if the receiver remained locked.

This procedure was repeated until a time range was determined during which

the receiver might or might not remain in lock, depending on the signal level

and VCO drift rate.

Main Loop Sensitivity. The test setup used for this investigation was as

shown in Figure 5-76.

Range Tones. Carrier and range tone frequencies were supplied to the

receiver and steady state phase error balanced out with the phase shifter

at the start of each test. Range tone phase jitter versus range tone power

input level was determined using the arrangement shown in Figure 5-77.

The phase shift of the 2. 342 MHz signal as a function of carrier input

level was detern_ined using both equipment arrangements (Figures 5-77 and

5-78).
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5.2. il Transponder Tracking Receiver (TTR) #2

5.2.11.1 Objective - Since the two systems are identical, the same tests were

performed with similar circuit arrangements. Any deviation from pro-

cedures used with system one will be described and only the actual re-
suits will be mentioned for the other tests.

5. Z. II. Z Results and Conclusions -

Acquisition Times. Test results of the acquisition time required while

switching 12 Fo with maximum doppler acceleration are shown in Figure
5-79. Average times recorded were between 1. 893 seconds at -120 dbm

for _F_ -1000 Hz and 1.567 seconds at -90 dbm for _XF_+ 1000 Hz.

Average times recorded for switching 972 Fo varied from 320 milliseconds
at -120 dbm tJr _xF = 0 _ 497 milliseconds at -100 dbm for AF = -1000 Hz.

Modifications made on the second receiver apparently altered the response

time of the system. One example is seen in the switching mode. On the

first receiver, the time constant was such as to allow the receiver to be in

the acquisition mode 120 - 150 milliseconds while on the second receiver

this value has changed to 290 - 330 milliseconds.

Signal Dropout. Test results of the two receivers are relatively the same;

i. e., signal level has little effect on dropout time at maximum doppler off-

sets and a large effect for zero doppler. Test results are shown in Figure
5-8O.

Main Loop Sensitivity. Results of the phase jitter measurements are pre-

sented inFigure 5-81, showing a d_rm s of 10.3o to 20.3 ° over the signal

level range investigated. These results appeared dubious when compared
to the results of receiver #1; therefore, two weeks later the test was re-

peated, and essentially the same results were duplicated.

Tests showing the locking threshold at 12 Fo were conducted and the level
varied from -130.5 dbm at 28. 103000 MHz down to -136.5 dbm at 200 Hz

above center frequency. System number two gave an average improvement

of approximately 10 db in this test.

Main Loop Selectivity. The information obtained here was the ability of the

main loop to reject a frequency other than the carrier on which it was locked.

To do this an injection was made at the first mixer.

Test results in Figure 5-82 showed a minimum injection level of -114 dbm

or 5 db above the carrier at fc + 300 Hz. This would cause the receiver to

lose lock on the desired signal and lock onto the interferring signal. It was

noted during the tests that the only discernible changes when the receiver

locked onto the interferring signal were a slight fluctuation of the AGC voltage

and a reduction of rms phase jitter. Since the tests were run while slowly
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5.2.11.3

increasing the injection level, it is highly probable that no changes would

be noted if a signal were injected at the level required to lock the system onto

the interferring signal.

Range Tone. Figure 5-83 depicts the rms phase jitter on the range tones
as a function of the carrier signal strength. The 2. 342 MHz loop jitter de-

creases from 27.4 ° at -120 dbmto 4.52 ° at -100 dbm and remains constant

from there up to -80 dbm. Phase jitter on the 2. 2688 MHz tone was much

greater at -1Z0 dbm. It was 43.5 ° there and decreased to 2o at -80 dbm.

A reference of -80 dbm was chosen to show the phase shift of the range

tones as a function of the carrier signal strength. Figure 5-84 presents

the 2. 342 MHz tone phase shift. It first increased to + 9.7°at -105 dbm

and then decreased to -7.4 ° at -120 dbm. Unlike the 2. 342 MHz tone, the

2. 2688 MHz tone increased almost linearly to + 4.84 ° at -115 dbm.

Range tone phase errors versus range tone doppler was very nearly linear

for both loops. Phase errors on the 2. 342 MHz tone varied between + 1.57 °

at 2. 341900 MHz to -1.24 ° at 2. 342100 MHz, while errors on the 2.2688

MHz range tone varied from -1.32o at 2. 2687 MHz to + 1.21 ° at 2. 2689 MHz.

Carrier doppler was simulated and range tone phase error measured. These

plots were also very nearly linear. The 2.342 MHz tone varied from -5.04o

at a carrier frequency of 28.103000 MHz to + 10.13 ° at 28. 104800 MHz, while
the 2. 2688 MHz tone varied from -0.15 ° at 28. 10300 MHz to + 0.23 ° at

28. 104800 MHz.

When these tests were conducted, the frequency range of the VCXO was

limited to ÷820 Hz over its center frequency. Later adjustments were made

to alleviate this situation and to allow the full deviation of _+ 1000 Hz. Also,

an alteration on the output of the main loop filter was made to allow the VCXO

to be controlled by a DC bias box to manually lock the system onto the signal

during the flight test program. Time did not allow a complete rerun of the

tests, but a check indicated that performance was deteriorated slightly.

Test Procedure -

Signal Dropout. Signal dropout times were recorded using the test circuit

shown in Figure 5-85. The off time was varied by changing the pulse width

of the gated output from the Tektronic 545A oscilloscope. Other than the
test circuit, the test procedure was the same as that used on receiver #1.

Transponder Frequency Translator (TFT) #1

Objective - To obtain, from tests, spectra showing spurious signal
levels at the output of the mixers for all channels, acquisition times, and

frequency accuracies of the multiplier loops for normal and reverse doppler

conditions.
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5.2.12.2

5.2.12.3

5.2.13.2

5.2.14.2

Results and Conclusions - Graphical plotting of the spectrum is

extremely crowded; therefore, only a table of the signal power levels

of channel two are presented. The table is presented in Table 5-13.

The outputs of the various channels are extremely close, and the tables

of the other channels would not furnish any additional information.

The acquisition times are shown in Table 5-14. Acquisition times include

transmitter tracking filter loop, divide by 24 loop, and mechanical switch-

ing time. Times ranged from 7 milliseconds for the X 60 multiplier at 0

doppler to 67 milliseconds for the X 10.6 loop at -1000 Hz doppler under

normal conditions. The results indicate that the acquisition times are not

a function of the doppler and in actual applications the acquisition times

should be even less since the mechanical switching time will not be
involved.

Test Procedure - The test circuit shown in Figure 5-86 was set up to

measure the signal levels at the output for all channel frequencies.

Acquisition times and frequency errors of the multiplier loops were

determined using Figure 5-87.

Objective - To determine the frequency spectrums, acquisition times,

and multiplier loop accuracies as for TFT #1.

Results and Conclusions - Spurious signal levels at the mixer output

for Channel #1 are presented in Table 5-15. The spectrums for Channels

2 and 3 are very nearly the same as for Channel 1. Acquisition times for

the various multiplier loops are presented in Table 5-16. The frequency

errors in all loops were reduced to zero during the preparation for the
exercise.

Transponder Tracking Transmitter (TTT)

Objective - To measure gain and bandwidth versus frequency, linearity

and intermodulation, spurious outputs, warm-up time, and phase shift of

two Transponder Tracking Transmitters of the configuration shown in

Figure 5-88.

Results and Conclusions -

Gain and Bandwidth. The results obtained in testing TTT #1 are plotted

in Figure 5-89 and those from TTT #2 in Figure 5-90. The two figures

present relatively radical results in that gain and bandwidth varied

considerably. The difference in characteristics was attributed to the

fact that TTT #1 must have utilized stagger tuning of the cavity amplifiers

while TTT #2 did not.
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fc - l½ fo

fc - 1½ fo + f3

fc - 1½ fo - f_

fc - 2 fo

fc - 2 fo + f3

fc - 2 fo + 2 f3

fc - 2 fo + 3 f3

fc - 2 fo - f3

fc - 2 fo - 2 f3

fc - 2 fo - 3 f3

(dbm)
Power Level Frequency

-I fo + ½fo

i
-20 fo + _fo - f3

1
-32.5 fo + _fo + f3

-20 fc + fo

-32. 5 fc + fo - f3

-23 fc + fo - 2 f3

-32 fc + fo - 3 f3

-0.5 fc + fo + f3

-4 fc + fo + 2 f3

-24 fc + 1 ½ fo

-36.5 fc + 1½ fo + f3

-20 fc + 1½ fo - f3

-33 fc + Z fo

-26.5 fc + 2 fo - f3

-33 fc + 2 fo - 2 f3

-45.5 fc + 2 fo - 3 f3

-19 fc + 2 fo + f3

-16 fc + Z fo + Z f3

-23. 5 fc + 2 fo + 3 f3

-42

-33.5

-38.5

-44. 5

(dbm)
Power Level

-25.5

-44

-37

-16

-19

-27

-38

-23

-34

-31.5

-47.5

-47.5

-28.5

-22

-31

-38

-28.5

-36

-46

fo = 2. 342 MHz

f3 = 73 KHz

Table 5-13.

":, desired components

TFT #I Channel 2 Signal Levels
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Figure 5-86. TFT #2 Spurious Signal Level Measurement Set-Up
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Figure 5-87. TFT #2 Acquisition Time Measurement Set-Up
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Frequency

fc _

fc + f3

fc - f3

fc - ½ fo

fc - ½ fo + f3

fc - fo

fc - fo + f3 _

fc - fo + 2 f3

fc - fo - f3

fc - l½ fo

fc - l½ fo + f3

fc -2fo

fc - 2 fo + f3

fc " 2 fo + 2 f3

fc + ½ fo

fc + fo

fc + fo + f3

fc + fo + 2 f3

fc + fo - f3

fc + fo - 2 f3

fc + fo + 3 f3

fo = Z. 342 MHz

Table 5-15.

p(dbm)
ower

Level

-5

-23

-25

-23

-30

-3

-8

-21

-17

-26

-31

-21

-21

-30

-27

-22

-28

-29

-35

-26

-30

f3 = 73 KHz *desired components

TFT #2 Channel 1 Signal Levels
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S-band Cavity

Amplifier

(Trak P/N 2975-1500)

' t

S- band Cavity

S-band Cavity

Amplifier

(Trak P/N 2975-1500)

T
Amplifier

(Resdel Model 91014)

't
RF Input

Power Supply

RF OutpUt

Figure 5-88. Block Diagram - Transponder Tracking Transmitter
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The shape of the bandpass curve of TTT #i changed more readily with
changes in input power or operating voltage than did the bandpass curve
of TTT #2. The maximum bandwidth of TTT #I was obtained when the in-
put power was 2.0 milliwatts and the operating voltage was 500 volts and
the bandwidth was approximately 18 MHz at the 1 db points. The maximum
bandwidth of TTT #2 was 9.0 MHz when the input power was i. 0 milliwatts
and the operating voltage was 550 volts. However, the bandwidth in both of
these cases was not too well centered with respect to the desired center
frequency of approximately 2714.5 MHz. The bandwidths for the other test
conditions are listed with the plotted bandpass curves in the figures.

Linearity. The plots of input power versus output power are shown for TTT

#i in Figure 5-91 and for TTT #2 in Figure 5- 92 . The plot shows that

TTT #I has reasonably good linearity at all input power levels below approxi-

mately I0 milliwatts when the frequency of the carrier is between 2206 and

2216 MHz. TTT #2 has very poor linearity for input power levels above

approximately 2. 5 milliwatts for nearly all frequencies, with only marginal

linearity at lower input power levels. This difference in thelinearity of the

two transmitters is believed to be due for the most part to the difference in

the tuning of the three amplifiers that make up each transmitter.

Intermodulation. Results of the intermodulation tests agree with the linearity

test results. TTT #2 showed a substantial higher level of intermodulation

products. For TTT #I the 3rd and 5th order products were down 20 db and

30 db respectively, while TTT #2 showed 3rd and 5th order products of 14

db and 24 db respectively. Again the difference is attributed to the difference

in tuning.

Spurious Outputs. There were no detectable spurious outputs from either of

the TTT's. Spurious outputs that might have been present within I00 kHz of

the carrier signals could not be detected due to test equipment limitations,

but it is felt that none were present.

Warm-Up Time. The results obtained in testing TTT #2 shows that at

several carrier frequencies the output power reached its maximum within

a few milliseconds and then stabilized at a lower reading. TTT #i showed

a slower rise time for all test frequencies. The explanation for these effects

are not known, but it can be concluded that the output power level of both trans-

mitters had reached a reasonable level after the plate power had been applied

approximately 30 seconds.

Phase Shift. The direction of the drift of the phase shift through TTT #i as a

function of time at 2210 MHz was opposite to that at 2215 MHz and 2220 MHz.

The phase shift at 2210 MHz started around +50 ° and drifted up to approximately

+ ii0 ° after 60 seconds. At 2215 MHz the initial phase shift was +220 o and it

drifted down to +120 o after sixty seconds. The other frequency was 2220 MHz

and at that frequency the phase shift was +Ii0 ° and drifted down to -5 ° after

approximately ninety seconds. For TTT #2 the phase shift was in the same
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direction for all frequencies. At 2210 MHz the phase difference started

at +180 ° and drifted down to +126 ° . The phase difference at 2215 MHz

started at +145 ° and then drifted down to +70 °. At 2330 MHz the initial

phase difference was +140 ° and drifted down to roughly +40 ° . The amount

of phase shift in both transmitters changed rapidly during the first few

seconds after application of the plate voltage and 40 seconds or more were

required before the phase shift became reasonably stable.

The phase shift as a function of the plate voltage applied to TTT #1 is

shown plotted for two different carrier frequencies in Figure 5- 93 The

phase shift as a function of plate voltage at a given carrier frequency was

essentially a straight line function over a wide voltage range. The differen-

tial phase shift between the two carrier frequencies tested remained almost

constant over this wide range of plate voltage. A similar test of TTT #2 was

not performed.

Relative Phase Shift. The results of the relative phase shift measurements

are shown in Figure 5- 94 for the TTT #1 and Figure 5-95 for TTT #2. Plots

for each of three different input power levels are shown on each graph. These

plots show that these transmitters would normally cause the AKOD System to

give different range readings due to operation on the different AKOD channels.

The four AROD channels are placed in the band between 2208 MHz and 2_20

MHz. The _ariation in range readout due to the variations in the phase shift

of the 2. 342 MHz tone through the transmitters over this carrier frequency

range are summarized in the following table.

Variations in Phase Shift of 2. 342 MHz Tone

Transponder Track-

ing Transmitter

Input Power

(Milliwatts)

Maximum Phase

Variation (2Z08-

(2220 MHz)

Maximum Phase

Readout

Variation

#1 1.0 8 ° I. 5 meters

#1 2.0 3 o 0.5 meters

#1 3.0 8.5 ° 1. 5 meters

#2 1.0 14.7 ° 2. 6 meters

#2 2.0 23.0 ° 4. 1 meters

#2 3.0 29.7 ° 5.3 meters
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5.2.14.3

These results indicate that the phase variations through TTT #2 are

much higher than those through TTT #i. Even though all of these phase

variations are considered too high, the effect they have on the range

readout can be reduced to an acceptable level by calibrating separately

each channel of the AROD System.

Conclusions. It is concluded that this configuration of T T T would be

very unsatisfactory for use in an operational AROD System. The warm-

up time after application of the plate voltage should be on the order of

I0 seconds or less for satisfactory performance of the AROD System.

The intermodulation products should be lower if there is to be assurance

that these signals will not cause trouble in the Vehicle Tracking Receiver.

The evidence of instability of this configuration and the lack of repeatability

of re suits in the two units tested are also undesirable features.

Test Procedure -

Gain and Bandwidth. The gain and bandwidth versus frequency tests

were performed using the test setup shown in Figure 5- 96 . The Hewlett

Packard Model 8614A signal generator provided the input carrier signal.

The dials of the signal generator were used to determine the frequency of

the input signal. The input power was measured at the low-power output

of the directional coupler. The output power was measured after it was

passed through a 31 db attenuator, using the Hewlett-Packard Model 431B

power meter.

Linearity. The linearity tests were performed using the same test setup as

that shown in Figure 5- 96 . The input power was varied over a wide range

while both the input power and the output power were measured and recorded.

These measurements were repeated for a number of different carrier fre-

quencies.

Intermodulation. The intermodulation tests were performed using the test

setup shown in Figure 5- 97 . The two signal generators shown in the test

setup were used to provide two carrier test signals that were set Z. 3 MHz

apart in frequency, which was approximately the same frequency as the

AROD System fine range tone. The spectrum analyzer, shown in the test

setup connected to the output of the TTT, was used to determine the power

level of the intermodulation products at the input of the TTT as well as the

level of those present at the output of the TTT.

Spurious Outputs. The test for spurious outputs was made using the same

test setup as that shown in Fig.ure 5_- 97 . The output signals from the TTT

were monitored on the spectrum analyzer while two carrier signals, sepa-

rated by 2.3 MHz, were being supplied by the signal generators.
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Warm-Up Time. Warm-up time was determined using the test setup

shown in Figure 5- 96 . Filaments in the cavity amplifiers were turned

on one minute before plate voltage was applied. The plate voltage was

then applied and the output power versus time elapsed after application

of the plate power was recorded.

Phase Shift. The phase shift measurements were performed using the test

setup shown in Figure 5- 98 . The carrier signal obtained at the output of

the TTT was compared in phase with the input carrier signal by means of

the zDD phase meter. Phase shift measurements were started when the

plate power was applied to the TTT and were continued for 120 seconds.

Relative Phase Shift. Relative phase shift measurements were made using

the test setup shown in Figure 5- 99 . The Hewlett-Packard Model 606A signal

generator was used to supply a 2. 342 MHz signal which amplitude-modulated

the carrier signal provided by the Hewlett-Packard Model 8614A signal genera-

tor. The modulated carrier was then passed through the TTT and the modulating

signal was detected. After the 2. 342 MHz signal was detected, it was compared

in phase on the oscilloscope with the 2. 342 MHz signal obtained directly from

the Model 606A signal generator.

Transponder Command and Direction Finding Receiver (TC/DFR)

Objective - The tests performed on the transponder command and direction

finding receiver were performed to ensure that the asemblies were completely

compatible, to aid in determining requirements for the prototype subsystem,

and to demonstrate that reliable data could be obtained during aircraft flight

test.

5.2.15.2 Results and Conclusions -

Phase Measurements. These measurements were performed as the

phase angle was varied in 30 ° increments from 0 ° to 180 ° while the elevation

angle was held constant first at 30 ° and then at 60 ° . Graphs showing this

data can be seen in Figures 5-100 and 5-I01. The azimuth was then varied

from 0° to 360 ° in 30 ° increments with the elevation angle held constant at

90 ° while the outputs of the two channels were measured. This information

is plotted in Figures 5-102 and 5-103. Along with the above measurements,

the amplitude of the l_.R and EAB channels at the points which go to the AGC

was measured and recorded.

The abbreviated calibration obtained from these tests demonstrates that the

direction finding as well as the command portion of the TC/DFR is performing

according to theory. From the oscillograph recordings of these calibrations,

it appears that the azimuth and elevation could be extracted with an accuracy

of + 5° in the present receiver. The inaccuracies that do exist, especially at a
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time when the vehicle would be on the horizon, is due primarily to

the noise level that exists and to some extent the accuracy to which the

recording can be read.

Receiver Sensitivity - The RF input power required to establish a

standard response (SR) is defined as receiver sensitivity.

Under the worst expected condition; that is, when the signal amplitude in

the upper IF channel is a minimum due to the phase relationships of the

input signals; the sensitivity of the binary "ones" is -110 dbm and on the

binary "zeros" the sensitivity is -109 dbm.

The data obtained in this test are presented below:

Sensitivity

-116 dbm

-Ii0 dbm

BinarL '_'0_"

-115 dbm

- 109 dbm

Input Phase

E, 0 °, Ez 0 °, E3 0 °, E 4 0 °

El 0 °, Ea 90 °, E3 0°, E4 =90'

Bandwidth of Phase Locked LOO P - The 3 db closed loop bandwidth was

measured to be 8.2 kHz. This appeared to be the optimum bandwidth

over the doppler range and doppler acceleration range.

Differential Phase Stability of E R and E A]_ Channels as a Function of

Input Signal Level - The differential phase stability of the E R and

EAB channels as a function of input signal level (Table 5-17) was very

good. The maximum deviation was 5 millivolts over the input signal

range from -II0 dbm to -80 dbm.

Root Mean Square Phase Jitter on TC/DFR Phase-Locked Loop_- The

test data of Table 5-18 indicate the amount of phase jitter on the

28. 104 MHz doppler translation signal.

The average rms phase jitter over the input power range from -80 to

-II0 dbm was 27.2 ° The maximum phase jitter deviation as a function

of input signal was 6. 1 °. The fact that the rms phase jitter increased

as the signal level increased was probably due to some 60 cycle jitter.

Of the three test conditions used, the one in which the DC null and rms

maximum was adjusted prior to each reading is considered to be the

most accurate.
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Input Signal AGC Output E R Channel EAB Channel

in dbm in volts in mfllivolts in millivolts Input Phase

-Ii0

-I00

-90

-80

-II0

-I00

-90

-80

-II0

-I00

-90

-80

-ii0

-i00

-90

-80

-1.15

-1.7

-2.1

-2.55

-i. I0

-1.60

-2.05

-2.55

-I.I0

-1.60

-2. I0

-2. 55

-i.15

-1.65

-2. 15

-2.60

-110

-110

-110

-105

+120

+120

+IZ0

+115

150 noise

80 noise

50 noise

55 noise

150 noise

80 noise

50 noise

50 noise

150 noise

60 noise

50 noise

45 noise

200 noise

80 noise

50 noise

50 noise

-170

-170

-170

-170

+150

+150

+150

+150

El at +90 °

E z at 0 °

E3 at -90 °

E 4 at 0 °

El at -90 °

E z at 0 °

E3 at 90 °

E 4 at 0 °

E1 at 0 °

E z at -90 °

E3 at 0 °

E 4 at 90 °

E l at 0 °

E z at 90 °

E3 at 0 °

E 4 at -90 °

Table 5-17. TC/DFR Differential Phase Stability

Input Power

in dbm

-Ii0

-i00

-90

-80

-i00

-i00

-90

-80

-Ii0

-I00

-90

-80

RMS Phase Jitter RMS Phase Jitter

in volts in degrees Test Condition

4.0

3.5

4.5

4.5

4.0

3.5

5.0

5.0

3.5

4.0

4.7

5.0

26.6

23.3

29.4

Z9.4

26.6

23.3

33.0

33.0

23.3

26.6

31.0

33.0

DC Null and RMS

maximum adjusted

prior to each

reading.

DC Null and RMS

maximum adjusted

at -II0 db and

remained unchanged

for other readings.

DC Null and RMS

maximum adjusted

at -80 db and

remained unchanged

for other readings.

Table 5-18. TC/DFR Doppler Transition Phase Jitter
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5.2.15.3

Phase Locked-Loop Acquisition - The time required for the receiver to

acquire using the regular "Standby" message from the Digital Message

Simulator (DMS) was measured with the doppler shift and doppler accele-
ration at zero.

The average acquisition time was about 33 milliseconds. This would leave

about 63 milliseconds of the standby message for information.

Test Procedure -

Phase Measurement. The azimuth phase detector readouts of the E K and

EAB channels and the elevation readout was recorded as a function of phase

shift on the four input signals (El, El, E3, and E4 ) using a CEC Oscillograph

recorder. At the same time these recordings were being made, the measure-

ments were being duplicated using an oscilloscope.

Receiver Sensivity. For this test, SR 1 is defined as 30 degrees phase jitter

on the doppler translation signal normally routed to TTR. For this test, RF

input power was supplied from the RF test set through a four-way power

divider, and four equal amplitude in-phase signals derived. These signals

were advanced and delayed so that the input signals ]E 2 and E 4 would be in

phase; E 1 and E 3 would be 180 ° out of phase and each 90o out of phase with E z

and E 4 . This test setup shown in Figure 5-104 duplicates tactical conditions.

Sensitivity will be better than the measured RF test set power by the amount

of loss in the power divider. For the power divider to be used in the labora-

tory, this loss is about 12.3 db.

Bandwidth of Phase-Locked Loop. The phase bckedloop bandwidth was

measured using an FM generator modulated by an audio oscillator as the

signal source. The frequency of the audio oscillator was increased from

0 Hz up to the frequency at which the output of the PLL DC amplifier is

down by 3 db. This frequency range was measured as the closed loop band-
width.

Differential Phase Stability. The test setup used for this test is shown in

Figure 5-105. The phase difference in the E Rand EAB channels were

measured as a function of input signal level. This information was obtained

for four different phase relationships on the input signal.

Root Mean Square Phase Jitter. With the phase lock loop locked, a phase

shifter was used to zero the output of the phase detector. The loop was then

unlocked and the phase detector "s" curve (in volts peak) was measured.

With the PLL locked, the receiver input signal level was varied and the RMS

phase jitter at the detector output was measured in volts. The phase detector

"s" curve was measured to be 18 volts peak to peak. Since the detector gain

is

KD = 1/2 E peak ("s" curve) volts

30 ° degree '
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5.2.16.2

it can be seen that KD= 6.66 degrees/volt. Hence,

Phase jitter in degrees = K D times (RMS in volts).

Phase-Locked Loop Acquisition. This information was obtained by

setting the Digital Message Simulator switch for one repetition of the

standby message _all l's) using a polaroid camera to photograph the oscillo-

scope display. The oscilloscope monitored the input to DC amplifier in

the phase locked loop. The oscilloscope was triggered by the DMS. The

photograph was snapped simultaneously with the pushing of the initiate

button on the DMS. At the time at which an abrupt change in DC level occurred

on the photograph acquisition was achieved.

Transponder Command Logic (TCL)

Objective - The tests of the Transponder Command Logic consisted of

investigating the Schmitt Trigger's triggering level as a function of supply

voltages. Also, due to a problem of AC coupling, the demodulator showed

excessive output level variations with varing number of bits.

Results and Conclusions -

The initial adjustment was made so that the Schmitt Trigger would switch

with an input of . 50 volts with supply voltages of + 5 volts. The results of

this test are in the following table:

Supply Voltages Triggering Level

x y

+5. 5 -5. 5 . 50 volts DC

+6.0 -5.0 .53 volts DC

+6.0 -5. 5 .53 volts DC

+6.0 -6.0 .51 volts DC

+5. 5 -5. 0 . 51 volts nc

+5.5 -6.0 .49 volts DC

+5.0 -5.0 .49 volts DC

+5.0 -5.5 .49 volts DC

+5.0 -6.0 .48 volts DC

This test was performed on the "ones" Schmitt Trigger of TCL #2. The

results indicated that the triggering level variations as a function of supply

voltage was negligible and therefore no further testing was conducted.

In attempting to tie the demodulator output to the Schmitt Trigger inputs,

problems arose due to AC coupling within the demodulator. The output of

the demodulator would shift levels by as much as one (i) volt when that data
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5.2.17.1

5.2.17.2

was changed from all "ones" to all "zeros. " This, in effect, required
a different triggering level adjustment on the Schrnitt Triggers each time
a different number of bits appeared. The problem was solved by use of a
positive diode clamping circuit within the Schmitt Triggers.

Transponder Test Set (TTS)

Objective - In addition to the Master Oscillator and Frequency

Synthesizer, the TTS consists of a function generator, command channel,

IF tracking channel, RF tracking channel and doppler readout module.

Tests on all portions of the TTS were conducted at Sperry Microwave

Electronics Company, Clearwater, Florida, under the observation of an

engineer representing Brown Engineering Company.

Results and Conclusions -

IF Output. The IT output of the tracking channel was examined to deter-

mine if proper frequency and power levels existed at that point. This was

conducted with a counter and a spectrum analyzer. A spurious response

down only 40 db from carrier existed at 14 MHz away from the carrier.

Due to time considerations and knowledge of transponder equipment, it

was determined that this would not degrade the operation of the TTS. The

range tones and carrier were at their proper location and proper power

levels. Linearity of the IF attenuator was also verified.

RF Output. Tests similar to the IF tests were conducted on the RF

section. These results indicated that the RF section was satisfactorily

performing its function of mixing the IF frequency up to the carrier

frequency. Linearity of the RF attenuator and its calibration were

verified.

Function Generator. The doppler offset controlled by the sine-cosine

potentiometers was set up for the proper maximum offset of 4- 80 kHz.

Doppler acceleration was checked by timing the servo mechanism and

plotting by specifications. This unit checked out satisfactorily and the

test was continued.

Command Output. The output frequencies of the command module were

counted on a counter and were found to be correct. The power level was

also correct as specified. Two discrepancies were noted during this

test. A spurious response of large magnitude was feeding into the

command channel from the counter circuitry. Limited time forced the

simple solution of inserting a coaxial switch in this line. The spurious

signal was eliminated by opening this line when necessary. The other

problem was that the code modulator did not allow proper code word

modulation. In the design model a continuous output was always present

and, therefore, the modulation required was not possible. Corrective

action for this involved adding an additional coaxial switch, one in each

channel of the command output, and a power combiner.
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Doppler Readout. The doppler readout was checked against the output

frequencies of the IF and command channels. This test verified the

correct doppler readout on the counter.

Conclusion. After the command channel modification was completed,

the TTS was suitable for use in checking out the transponder equipment.

The unit met specifications except for those noted in the previous
sections.

Auxiliary Test Units

The following units were used to supplement the testing and were not

parts of the AROD system as such.

Vehicle Tracking Antenna - The vehicle Tracking Antenna was a ¼

wavelength monopole array. Tests showed that the radiation pattern

of the array was a cardioid with the null forward and a 3 db beamwidth

of 180 ° The VSWR was less than 1.5:1 over the required frequency

range. When compared to anisotropic radiator, the gain of the array
1

was 6.4 db. These tests indicated that the _ wavelength monopole array

would meet all the requirements of the aircraft flight test.

Vehicle Monitor Unit - The Vehicle Monitor Unit provided the inter-

face between the vehicle system and telemetry. The monitor points

were matched with the resistive divider network of Figure 5-106 and

selected by "patching" into the appropriate telemetry channel. The

"patching" allowed the use of a limited number of high sample rate

channels. The points monitored in the vehicle system are shown in

Table 5-19.

Monitor Point

Ammeter

>

[Galvon[omete r [

Figure 5-106. Monitor Interface Divider Network
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Table 5-19. Vehicle Test Monitor Points That Interface

With Telemetry

Test Monitor Point

VTR 1st Mixer Current

VTR Channel 1 AGC

VTR Channel 1 VCO #1

VTR Channel 1 VCO #2

VTR Channel 1 Noise Level

VTR Channel 1 Signal to Noise (S/N)

VTR +I 8 v dc

VTR -18 v dc

VTR Channel 2 AGC

VTR Channel 2 VCO #I

$VTR Channel 2 VCO #2

VTR Channel 2 Noise Level

VTR Channel 2 Signal to Noise (S/N)

VTR Channel 3 AGC

VTR Channel 3 VCO #I

VTR Channel 3 VCO #2

VTR Channel 3 Noise Level

VTR Channel 3 Signal to Noise (S/N)

VTU 200 kHz from Synthesizer

VCL Video Input #I

VVE Velocity Sign #3

VCT +30 v dc

VCT Power Output

VCT Carrier #1

VCT Carrier #2

VCT Modulation #1

VCT Modulation #2

VRDE Channel 1 Range Tone #1

VRDE Channel 1 Range Tone #2

VRDE Channel 1 Range Tone #3

VRDE Channel 1 Range Tone #4

VRDE 4.68 MHz

VRDE +12 v dc

VRDE +7 v dc

VRDE -6 v dc

_:'Note: Channel 2 was not operational during the laboratory and

flight testing.
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Table 5- 19 (Continued)

Test Monitor Point

VRDE Channel 2 Range Tone #I

VRDE Channel 2 Range Tone #2

VRDE Channel 2 Range Tone #3

VRDE Channel Z Range Tone #4

VRDE Channel 3 Range Tone #I

VRDE Channel 3 Range Tone #Z

VRDE Channel 3 Range Tone #3

VRDE Channel 3 Range Tone #4

VTR Channel 1 Acquisition (Light)

VTR Channel 2 Acquisition (Light)

VTR Channel 3 Acquisition (Light)

Spare

Spare

Spare

VCL Video Input #2

VCL Video Input #3

VTT +30 v dc

VTT Power Output

VTT Power Input

VTT Range Tone #I (FRI)

VTT Range Tone #Z (FRI - fl)

VTT Range Tone #3 (FRI - fz)

VTT Range Tone #4 (FR, - FR z)

VTT Buffer Amplifier Ic

VTT Phase Modulator Ic

VTT Driver Ic

VTT Intermediate Power Amplifier Ic

VTT Final Amplifier Ic

VTT Adder Amplifier Ic

VMO Master Oscillator Output

VMO Range Tone #I

VMO Range Tone #2

VMO Range Tone #3

VMO Range Tone #4

VMO +24 v dc

VMO +18 v dc

VMO -6 v dc

VVE Multiplier Doppler Input #I

VVE Multiplier Doppler Input #2

VVE Multiplier Doppler Input #3

VVE Velocity Sign #I

VVE Velocity Sign #Z
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5.2.18.3 Vehicle Logic Test Unit - The Vehicle Logic Test Unit pro-

vided a convenient method of performing laboratory and preflight

checkout of the vehicle logic. The test unit contained the switches

and logic necessary to simulate all inputs and activate all vehicle

logic circuits and indicators for monitoring their operational

status. The test unit, shown in Figure 5-107, was supplemented

by a 200 kHz square wave generator and multitrace oscilloscope.

5.2.18.4 Transponder Tracking Antenna - The Transponder Tracking

Antenna was an array of axial-mode helices as shown in Figure

5-108. The two helices were of oppositely sensed circular

polarization which, when combined, provided linear polari-

zation. With proper matching networks, the VSWRwas less

than 1. 5:1 over the required frequency range. The individual

helices exhibited 36 ° beamwidths with -7 db side lobes. The

arrayed helices had a 35 ° beamwidth with -12 db side lobes.

5.2.18.5 Transponder Direction Finding Antenna - The Transponder
1

Direction Finding Antenna was an array of four X wavelength,

base-fed, vertical stubs. The configuration of ¼ wavelength

spacings shown in Figure 4-13 of Volume I was used and provided

radiation patterns, VSWR, and output voltages in agreement with

the technique described in 4. 1.2.1 of Volume I.

5.2. 18.6 Transponder Monitor Unit - The Transponder Monitor Unit

provided the interface between the transponder system and the

oscillograph recorder. Resistive divider networks of the type

shown in Figure 5-106 were used for matching. The monitored

points were selected by switching at the monitor panel and are

shown in Table 5-20.

5.2. 18.7 Transponder Logic Test Unit - The Transponder Logic Test

Unit was used in laboratory and on-site checkout of the Transponder

Command Logic. It consisted of the switches and logic necessary
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Figure 5-107. Block Diagram - Vehicle Logic Test Unit
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5.3. Z

to generate all commands and, consequently, activate all the

tested circuits. Indicator lamps were used to provide visual

display of operational status. The test unit was supplemented

by a multichannel oscilloscope.

Vehicle Systems Test

Objective - To determine range data output versus signal-to-noise ratios

at preselected ranges, doppler-velocity data output versus signal-to-noise

ratios at preselected doppler conditions, and Vehicle Command Logic word

error rate versus signal-to-noise ratio. Tests were only conducted at room

temperature.

Results and Conclusions -

Range Data Output Versus Signal-to-Noise Ratio at Preselected Ranges.

Range data was taken for four ranges. The VTS was set for zero range and

the VTR input varied from -90 dbm to -ll5 dbm. The error varied from

+0. P5 meters to +l. 25 meters. At -ll5 dbm the range unit was unstable and

a good reading was not obtained. For the 40 meter range setting and the same

power levels the error varied from -1.50 meters to -2. Z5 meters. For a

simulated range setting of 1350 meters and VTR input power levels from -90

dbm to -ll5 dbn_ the error in range readout varied from -63.75 meters to

-64.75 meters. The 30,000 r._=Ler range gave error readings that varied

from -1959.25 meters to +1959.75 meters. This data showed that the read-

ings ;;'ere r=peatabie for a given set phase delay in the VTS. These errors

are partially contributed to the lack of precision in the control setting of the

delay lines. This indicates the necessity for care in selecting the type of

range simulation which is used in future test sets.

It was noted that the sensitivity of the vehicle-borne system for range

measurement was unsatisfactory below approximately -1 10 to -1 1 5 dbl_.

It was felt that this was due to spurious signals generated in the transponder

exciter and to the use of a square law detector in the first demodulator of the

VTR. The use of a coherent demodulation technique should correct the pro-

blem in the VTR. To correct the problem in the transponder exciter, it will

be necessary to be more careful in selecting the frequencies used to generate

the translated output carrier signal and to provide more adequate filtering

which is relatively independent of time and temperature.

Doppler-Velocity Data Output Versus Signal-to-Noise Ratios and at Pre-

selected Doppler Conditions.

Data was taken for doppler settings of 1 Hz, 10 Hz, 1000 Hz, 10 KHz, and

100 KHz. The input level was varied from -100 dbl_ to the point of losing

lock or excessive error. For one Hz doppler the error varied from zero
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to one cycle down to -120 dbmwhere it became erratic. At 10 Hz
doppler the error was zero or +I Hz down to -125.5 dbm where it jumped
to +3 Hz. The 1 KHz reading showed good results down to -135 dbm
with errors of zero and +i. At -136.5 dbm and i0 KHz doppler the
receiver lost lock. Up to the point of losing lock the error still remain-
ed either zero or +i. The best results were obtained at i00 KHz doppler
where the error was usually zero except for a very few readings it was +l.
Receiver lost lock at -141 dbm.

The maximum sensitivity of the system was approximately -141.0 dbm,
but this decreased as the doppler frequency was decreased. Lack of
sensitivity at lower doppler frequencies is probably due to the poor low
frequency response of the circuits through which the multiplied doppler
signal passes after it is derived in the VTR. This lack of sensitivity at
lower doppler frequencies is not too serious since a vehicle will be at its
nearest point to a ground transponder station when the doppler signal goes
through zero frequency. During the test it was also determined that a two-
way doppler signal slightly above i00 KHz was beyond the counting capability
of the logic used in the VVEU. This can be easily corrected by the use of
faster logic in future models of the VVEU.

Vehicle Command Logic Word Error Rate Versus Signal-to-Noise Ratio.

For signal levels down to -ii0 dbm the error was + I. 5 words.

levels the error rate increased very rapidly.

At lower

The sensitivity of the vehicle-borne system for satisfactory reception of the

command words from the ground station was little better than -123 dbln.

Since conlmand word reception will normally be most important when the

vehicle is at a maximum range from the ground transponder station, maxi-

mum sensitivity of the vehicle-borne system to these command words is

required. It is felt that a considerable improvement can be obtained in

this sensitivity by using coherent detection in the VTR instead of the square

law detector that is now being used.

Test Procedure -

Range Data Output Versus Signal-to-Noise Ratio. The test setup for this

test is shown in Figure 5-109. The Vehicle Master Oscillator and Frequency

Synthesizer (VMO/FS) supplied the reference signals for the VTR, the Vehicle

Test Set (VTS), the Vehicle Range Extraction Unit (VREU), and the Vehicle

Velocity Extraction Unit (VVEU). The range tones were initially obtained

from the VREU, but were routed through the VMO/FS, where two of thcn_ were

changed in frequency before they were routed to the VTS. The VVEU supplied

the data transfer pulse to the VREU. The VTS supplied the modulated carrier

to the VTI_. The nlonitor panel provided an indication of the status of each bit

of the range data.
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5.4

5.4.1.2

Doppler Velocity Data Output Versus Signal-to-Noise Ratio. The test

setup for this test is shown in Figure 5-ii0. The VMO/FS supplied the

reference signals to the VTS, the VTR, and the VVEU. The Hewlett-

Packard 5100A frequency synthesizer supplied a very accurate offset of

the carrier provided by the test set to the VTR. The monitor panel pro-

vided an indication of the status of each bit of the doppler-velocity data.

Vehicle Command Logic Word Error Rate Versus Signal-to-Noise Ratio.

This test was conducted using the test setup shown in Figure 5- iii. The

VMO/FS supplied the reference signals for the VTS, the VTR, and the

VCL. The digital test set (DTS) supplied the binary modulation to the

carrier signal received by the VTR from the VTS. The vehicle timing

unit (VTU) supplied clock pulses to the VCL. The Hewlett-Packard counter

was used to count the number of words recognized by the VCL.

Awordwas sent to the VTR once during each 384 msec period. This re-

sulted in the transmission of 9375 words per hour, or 4687.5 words during

a 30 minute period. The duration of the test was measured using an accu-

rate watch with a second hand.

Transponder System Laboratory Tests

Many of the tests originally designated as a part of the Transponder

System Tests were covered sufficiently by unit test of transponder equip-

ment or were more economically performed during the overall System

Laboratory Tests. This section will answer the majority of questions posed

by the test plan by direct citation of test data or by summarizing and refer-

encing the results of applicable unit or overall system tests.

Command Performance of Transponder No. l and No. Z

Objective - To check if all commands "Standby", "on", "Verify (lock

on acknowledge)", and "off" - cause all functions, controlled by their

respective commands, to be performed.

Results and Conclusions - During the test the following interface problems

were encountered:

a. There was an impedance mismatch between the Transponder Command

Logic (TCL) and the Transponder Tracking Receiver (TTR) as well as

between the TCL and the Transponder Tracking Transmitter (TTT) for

the following switching voltages.

I) Off to standby

2) Standby to on

3) On to tracking

4) Site identification binary modulation

5) Select channels I through 4 (Transponder No. 1 only).
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5.4.1.3

This was corrected by adding emitter followers at the output of the TCL.

b. The switching polarities were inverted for two switches in the doppler

compensation circuits of the TTR.

This was corrected by adding a stage of inversion an emitter follower,

and an output cable to the TCL. The change was made at the TCL

rather than at the TTR because of the relative ease of incorporating

the change.

The switching functions were performed successfully after incorporating

these changes. For other command performance evaluation see section
5.2.15.2.

Test Procedure - Using the Transponder Equipment Test Set to the Trans-

ponder and the Command Word Simulator of the Digital Test Set inject the

"Standby" command and observe that all functions controlled by this command

are performed.

(a) Standby before acquisition - Sw 1B, SW2B' SW3B, and Sw 3_ should
be on, SWlA, SwlC, SW2A, SW3B, and SW3D should be o_i

(b) Standby after acquisition- SWlB, SW2B , SW3B , and SW3D , should

be on.SWlA ' SWIG, SW2A ' SW3A ' and SW3E should be off.

I-_ _ ..... SW3D_'-s _,- OWlB , mWzB , SW3B, and should be on. SWlA, SwlC,

SwZA , SW3A, and SW3E should be off.

(d) Verify - SWlA , SwlC , SW2A , SW3B , and SW3D should be on.

SWlB, Sw2 B, SW3A, and SW3E should be off.

Repeat this procedure until all four carrier frequencies have been selected.

(Only the "on" command is different for each carrier frequency. )

Switches Sw 4 , Sw5, Sw 6, and Sw 7 select Channels 1, 2, 3, and 4 respectively.
The switch of the channel selected will be on during the "on" and "Verify" modes.

All other channel switches will be off. Operating conditions for these tests

were at room temperature with normal power supply voltage.

Bit Error Rate

Objective - To furnish information concerning the variations in the bit error

rate as a function of the signal-to-noise ratio. The information obtained will

be usefull in determining the minimum usefull signal-to-noise ratio and will,

indirectly, indicate a measure of the useful range of the system.
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5.4.2.2

5.4.2.3

Results and Conclusions - In order to conduct the test the binary outputs

of the command receiver had to be filtered and a clamping circuit was

added at the input of the sehmitt triggers of the transponder command

logic.

The results of these tests are plotted in Figures 5-112 and 5-113 for the

logical ones bit error rate and the logical zeros bit error rate respectively.

The plotted points are taken as the average of five bit error rates measured

over five minute periods for each signal level. The results indicate

an expected increase in bit error rate with decreasing signal level; however,

they were in all cases satisfactory.

Test Procedure - These tests were performed using the test set up as

shown in Figure 5-114. All points in the Transponder Command Logic

to be monitored are available on the front panel of the Digital Test Set.

al Ones Bit Error Rate, at room ambient temperature set the supply

voltages to their nominal values. Adjust the Digital Test Set to

send all ones continuously, and adjust the command RF attenuator

on the Transponder Test Set for a 3 db signal to noise voltage ratio

at the input to the ones Schmitt trigger. Count, over a period of

about five (5) minutes, the number of ones sent from the Digital

Test Set and the number of ones detected at the output of the ones

Schmitt trigger. The Bit Error Rate will be: Difference between

number of ones sent and number of ones received divided by number

of ones sent. Repeat the above for signal to noise ratios of 6, 9,

12, and 20 db.

b, Zeros Bit Error Rate, adjust the Digital Test Set to send all zeros

continuously, and adjust the RF attenuator on the Transponder Test

Set for a 3 db signal-to-noise voltage ratio at the input to the zeros

Schmitt trigger. Again, count, over a period of about five minutes,

the number of zeros sent from the Digital Test Set and the number

of zeros detected at the output of the zeros Schmitt trigger. Cal-

culate the bit error rate and repeat the above for signal-to-noise

ratios of 6, 9, 12, and 20 db.

Acquisition Time

Objective - To determine the time required for acquisition under various

conditions of static doppler shift and signal dynamics as well as the extreme _

of static doppler and signal dynamics under which the transponder equipment

will acquire.
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5.4.3.2 Results and Conclusions - We were unable to perform meaningful mea-

surements of acquisition time of the complete transponder system since

there is no way to synchronize the time of reception of a signal by the

commmand receiver with the beginning of the acquisition cycle of the

Transponder Tracking Receiver. Since the command receiver must be

capable of locking over the full range of doppler shifts on the command

links, alarge phase-lock loop bandwidth is required. This gives a fast

acquisition, which is required to aid the TTR, but it also leads to loss of

acquisition very rapidly when the input signal is removed. This means that

the VCXO of the command receiver phase-lock loop is coherent only during

the presence of an input signal (in this case, the standby message) which

is transmitted only 96 milliseconds out of every 960 milliseconds as shown

in Figure 5-I15.

|_._

Repetition Period

960 milliseconds

_-- 96 msec

¼

96 ms e c-_

Figure 5-115. Transmission Intervals for Standby Message

The VCXO of the carrier phase-lock loop in the transponder tracking

receiver must be preset by the command receiver VCXO during the

period when the VCXO of the command receiver is coherent with the

input signal. This is required to insure that the second I.F. frequency

of the tracking receiver is properly near the phase detector reference

frequency, thus allowing the transponder tracking carrier phase-lock

loop to acquire since the second I.F. frequency is determined by the

frequency of the carrier phase-lock loop VCXO and the input signal.

The beginning time of the transponder tracking receiver coarse acqui-

sition cycle is not correlated with the timing of the command receiver

standby message. A definite time relationship between these two periodic

functions is required for acquisition; therefore, acquisition time can be

expected to vary randomly, depending on the time of transponder tracking

receiver turn-on.

In section 5. Z. 15. Z the average acquisition time of the transponder

command and direction finding receiver is given at about 33 milliseconds

leaving about 63 miliseconds of the standby message for information.

Average acquisition tinges for the Transponder Tracking Receiver #I

are given in section 5. Z.10. Z and range from 845 miliseconds at maximum

doppler acceleration of 37 Hz per second with zero doppler to 980 milliseconds

for zero acceleration at +I000 Hz doppler.
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5.4.3.3

Results of the same tests performed on Transponder Tracking Receiver

#2 given in section 5.2.11 . 2 show a maximum acquisition time of 1. 893

seconds at -120 dbm for f = -1000 Hz. At least a part of the difference

was attributed to the time constant associated with the switching from

acquisition to tracking mode. In the first receiver this time constant

allowed the receiver to be in the acquisition mode 120-150 milliseconds

while the second receiver remained in the acquisition mode for 290-330

milli s econds.

By estimating the combined effects of these measured times and average

acquisition time of from 1.5 to 2 seconds has been predicted. If time

permits, an overall transponder acquisition time (not including warm-up)

will be measured during aircraft flight tests and results will be given in

Section 6.0 of this report. (See Section 6.5.4.4, page 6-29.)

Drop and re-lock times for the transponder system have averaged about

255 miliseconds during aircraft flight tests with strong signals.

Test Procedures - Set the function generator in the Transponder Test Set

to provide a doppler frequency shift of plus 10 kHz and adjust the input

signal level from the test set to the level established as threshold for the

carrier PLL. The output from the test set for the command/direction

finding receiver will be set to an output level that simulates the same range

simulated on the tracking link. The following equations will be used to

establish the command RF attenuator dial reading.

DR1 = PRT = PVTT + GVTA + GTTA + ApT + 50 dbm + T 1

= Z6 dbm + 6 db + IZ db = 145 db + 50 dbm + T 1

= 51 db + T 1

DRZ = PRC = PVCT + GVCA + GTCA + A PC + 30 dbm + T 2

=37 dbm + 0 + 0 = IZZ db + 30 dbm + T 2

= 55 db + T 2

DR1 = dial reading of RF attenuator for tracking output of test set in db

PVTT = power output of the vehicle-borne tracking transmitter, carrier

only, expressed in dbm

GVT A = gain of vehicle-borne tracking antenna expressed in db

GTT A = gain of transponder tracking receiver antenna expressed in db

ApT = path loss for the tracking signal at a range of 100 NM expressed in db

T 1 = loss in transmission lines used in the down-tracking line expressed in db

DR2 = dial reading of RF attenuator for command output in test set expressed

in db

PVCT = power output of the vehicle-borne command transmitter expressed in

dbm
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5.4.4.2

GVCA = gain of vehicle-borne command antenna expressed in db

GTCA = gain of transponder command antenna expressed in db

Apc= path loss for the command signal at a range of i00 NM expressed
in db

T2 = loss in transmission lines used in the command link expressed in db

Provide a gate that will turn the input signal off and on. Apply the gate con-
trol voltage to the gate and one input to a four channel oscilloscope. Route
the control voltages of the VCXO in the PLL's and measure and record the
acquisition time of each loop. Increase the input signal level by N x 15 db,
for N = i, 2, and 3, and repeat the above procedure. Increase the doppler
frequency shift by N X I0 kHz, for N equals to + i, __+4, and + 8 and repeat
the above procedure.

Set the function generator in the test set to provide maximum doppler fre-
quency shift (__+80 kHz) and maximum doppler acceleration (3. 0 kHz/sec).
Adjust the input signal level from the test set to the level established as
threshold for the carrier PLL. Synchronize the on time with maximum
doppler shift, with zero doppler shift (maximum acceleration), and at
least one intermediate value. Measure the acquisition time of the phase
lock loops. Increase the input power N x 15 db, for N=I, 2, and 3, and
repeat the above procedure.

Tests are to be run at ambient temperatures and normal power supply voltages.

Phase Shift (Phase Error)

Objective - To measure phase error introduced on the carrier frequency and

range tones in the tracking portion of the transponder as a function of doppler

shift and acceleration.

Results and Conclusions - Since no meaningful results could be expected the

phase shift of a signal passing through the tracking portion of the entire trans-

ponder was not measured due to the existence of excessive phase jitter trace-

able to the tracking receiver-exciter. The phase shifts through the Trans-

ponder Tracking Receiver (TTR) and Transponder Tracking Transn_itters

(TTT) were nleasured during unit tests and are presented in sections 5.2.10. Z,

5.2. ii.2, and 5. 2. 14.2. The effects of the phase errors of each of these

units may be considered additive and the impact on accuracy is excessive.

Certain errors nlay be reduced by judicious design and tuning provisions such

as offsetting the individual channels to compensate for frequency dependent

phase variations.
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5.4.4.3

5.5.2

Excessive phase jitter in the transponder tracking receiver-exciter has
been the most significant failure of the entire Design Study System. It
has prevented any meaningful range measurements during aircraft flight
tests, it has prevented a clear appraisal of multi-path problems, and it
has generally masked the proper evaluation of other system parameters.

Test Procedure - Set the function generator in the test set to provide a

nominal doppler shift and acceleration. Adjust the input signal level to

the level established as threshold for the carrier PLL. Measure and

record the phase shift of the 2. 342 MHz range tone using the test phase

detector, low pass filter and CEC recorder as shown in Figure 5-116.

The output of the function generator should be recorded on the CEC re-

corder simultaneously with the phase shift. Feed the output of the function

generator to the 2. 342 MHz VCXO through the voltage divider, and repeat

the above procedure. The power input is increased by N x 15 db, for N = I,

2, and 3, and repeat the complete procedure described above. This pro-

cedure will be repeated on the range ambiguity tones only if the phase shift

on the Z. 342 MHz tone.

AROD System Laboratory Tests

Objective - The laboratory tests on the AROD System included the cali-

bration of the AROD System and measurement of system resolution, and

system accuracy. The system accuracy test was not performed in the

laboratory because certain system parameters were indeterminant and the

magnitude of the effort required to successfully perform the task was be-

yond the scope of the program. System resolution and the calibration of

the A ROD System tests were completed in the laboratory.

Results and Conclusions -

Calibration of the A ROD System. The system calibration test was designed

to determine the systematic phase errors that exist in the vehicle-borne fre-

quency synthesizer, vehicle-borne tracking transmitter, vehicle-borne track-

ing antenna, transponder tracking antenna, transponder tracking equipment,

and the interconnecting cables. It was necessary that the system respond to

all digital commands in performing the calibration test; therefore, the check-

ing of these system functions was incorporated into the calibration test.

Tabl,Qs 5-21 and 5-22 show how a preselecCed range changed in magnitude

as channel 1 was released and reassigned. Transponder #2 was used in the

systen_when this data was recorded, because a stable readout could not be

obtained with Transponder #1 in the system.
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Reading

Numb er

1

2

3

4

5

6

7

8

9

I0

Decimal Range Readout

After Station Changeover

(meters)

20,716. 000

14,572. 025

14,572. 025

14,572. O25

16,614. 000

2O, 716. 000

16,614. 025

14,512. 025

14,572. 000

16_ 614. 025

Error Relative to

Initial Reading

(meters)

0. 000

6,143. 975

6,143. 975

6,143. 975

4, 102. 000

0. 000

4, 101. 975

6,203. 975

6,144. 000

4, 101. 975

Error Relative to

Previous Reading

. (meters)

0.000

6,143.975

0.000

0.000

2,041.975

4,102.000

4,101.975

2,102.000

59.975

2,042.025

Table 5-21. ARODSystem Range Readout Data
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2-2

2ml
2o

21
u 2 z

_ 23

m_ o 24

2s

Error relative to

previous reading

u 26

27

o 2 8

2 9

r_ 2 l°

Error relative to

previous reading

211

o 21z

M v 213

oo O 2 TM

215

Error relative to

previous reading
(deg__%_

x - light lit

Binary Range Readout

1 2 3 4 5 6 7 8 9 10

U U U X U X

X X X X X X X X X X

X X X X X X X X X X

X X X X X X X X X X

0 1.4 1.4 1.4 0 0 1.4 1.4 0 1.4

X X X X X X X X X X

X X X X X X X X X X

0 0 0 0 0 0 0 0 0 0

X X X X X

X X X X X X X

X X X X X

X X X X X

0 30 0 0 I0 20 20 I0 0 I0

U - light unstable (flickering)

Table 5-22. AROD System Range Readout Data
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Table 5-22 gives the binary range readout and the approximate change

in each range tone in degrees. Table 5-21 gives the decimal equivalent

of the range readouts given in Table 5-22 and the difference between

successive readouts in meters. Additional data was taken for calibrated

ranges of 8,748. 500 meters and 4,389. 500 meters. Results from these

calibrated ranges were very similar to those shown for the 20,716. 000

meters.

It can be observed from the recorded data that the system will not hold

calibration. The problem was isolated to the transponder receiver-exciter

equipment, although the exact cause was not determined in the laboratory.

The most serious contributor to the calibration error appeared to be the

large number of spurious signals present in the receiver-exciter equipment.

It is believed that the effects of these interferring signals could be minimized

by using a master oscillator frequency in the transponder tracking receiver

which was not an even multiple of the range tones.

System Resolution. Resolution refers to the fineness or quantization in-

volved in the readout of a single measurement. The term is used in this

report to describe the minimum discernible difference between two quantities,

either as measured simultaneously or sequentially.

The purpose of these tests was to establish the resolution limitations of the

system. In particular, it was desired to measure the phase jitter on the four

range tones at the output of the range data extraction equipment where they

are generated and at the input to the range data extraction equipment after

they have made the round trip to the transponder system.

The phase jitter on range tones at the output of range data extraction unit was:

2. 342 MHz tone -

73. 187 KHz tone -

2. 287 KHz tone -

0.067 degrees

0.328 degrees

0.850 degrees

The phase jitter on range tones

receiver using complete AROD

following table :

in degrees at output of vehicle tracking

system with Transponder #I is shown in

Signal Level T TR

(dbm) VTR

2. 342 MHz

-80 -80 -80 -90 -90 -i00 -I00

-90 -i00 -if0 -90 -i00 -90 -II0

8.85 11.2 11.9 10.8 ii.0 II.9 12.2

Range Tone

73. 187 KHz 2.98 4.81 5. 52 3. 21 3. 15 5.73 6. 1

Range Tone

2. 287 KHz 3.28 3.47 4. 18 3.47 4.44 3.80 4. 51

Range Tone
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The phase jitter on range tones in degrees at output of vehicle tracking

receiver using complete A,ROD system with Transponder #2 is shown in

the following table:

Signal Level ITTR

(dbm) [ VTR

2.342MHz

Range Tone

73.187 KHz

Range Tone

2. Z87 KHz

Range Tone

-80 -80

-9O -i00

1.23 1.33

1.66 2.32

3.99 4.51

-80 -90 -90 -I00

-ii0 -90 -100 -90

1.43 1.52 1.87 6.45

2.47 6.85 4.17 16.5

6.76 4.52 6.77 6.77

-I00

-ii0

6.92

24. 1

11.6

For comparison purposes the range tone phase jitter at output of vehicle

tracking receiver using the vehicle test set is shown in the following table:

Signal Level (dbm)

Z. 342 MHz Range Tone

73.187 KHz Range Tone

2. 287 KHz Range Tone

-90 -95

0.598 O. 785

O. 20 O. 22

0.9 1.13

-I00

i. I01

0.32

1.45

-I05

i. 301

0.4

2.5

-110

1.61

0.45

3.77

It can be observed from the recorded data that the phase jitter on the range

tones generated by the range extraction unit is very small. The phase jitter

was reduced to the acceptable values by reworking portions of the range

extraction unit and also by using only one channel of range. Use of more

than one channel of range overloaded the range reference frequency generator

and introduced additional jitter onto the range tones.

Phase jitter on the range tones at the output of the vehicle tracking receiver

was considerably less using the vehicle test set than it was using the complete

AROD System. The recorded data indicates that the range readout was un-

stable using Transponder #i and stable using Transponder #Z. However, the

data with Transponder #2 in the system was recorded under the best operat-

ing conditions of the system attained during laboratory testing. All sub-

systems were tediously aligned and tuned to yield this condition. The long

ternl stability of the range readout was very poor. It varied from one to four

days. Frequency adjustments were required throughout the system to main-

tain the stable readout. In the case of Transponder #I, the jitter produced on

the range tones in the receiver-exciter unit far exceeded the requirements for

a stable range readout. A design engineer from the supplier of the equipment

spent considerable time in evaluating this problem. However, it was not

corrected during the laboratory test program.
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5.5.3 Test Procedure - The complete AROD System could not be calibrated in

the laboratory for the following reasons:

Ao The vehicle and transponder antennas could not be set up in

the laboratory because of the many possible reflection paths

that could be present.

B* The antennas could not be placed outside of the laboratory with-

out using additional coaxial cables that would not be used during

the aircraft flight tests, and time would have been expended to

set up the antennas.

C. The exact phase shift in the tracking antenna and interconnecting

cables could not be determined with sufficient accuracy for lab-

oratory simulation within the allotted time and effort.

As a result of these limitations, the following test procedure was used:

The vehicle-borne equipment was connected to the transponder equipment in

the laboratory by coaxial transmission lines. The phase shift and attenua-

tion of the transmission l_n_ were c_lc_l_ted in order to determine the

simulated range between the vehicle-borne and the transponder systems.

Variable attenuators were placed in each transmission line, and the power

level of each signal was calibrated.

The vehicle-borne equipment was placed in the operate state. The vehicle

tracking transmitter sent the modulated carrier, and the vehicle command

transmitter sent "off to standby", "standby to on", and "select channel 1

frequency" commands to the transponder equipment. The transponder

tracking receiver locked solidly within a few seconds to the tracking fre-

quency, and the equipment responded to all digital commands.

The identification code of the transponder was switched on and modulated

onto the uplink carrier of channel 1. The code was received by the vehicle-

borne equipment, decoded, and used to generate an "on to tracking mode"

command for the transponder equipment. The "on to tracking" command

switched off the station identification code modulation and switched the four

range tones onto the uplink carrier.

At this time the range readout was observed on the digital readout display

of the vehicle digital distribution panel. Phase shifters on the vehicle-

borne frequency synthesizer were adjusted until the range readout was

equal to the calculated range between the two systems.
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The logic was programmed so that channel I would be reacquired each
time it was released. The uplink tracking signal was attenuated until
the acceptable signal-to-noise ratio was exceeded. The vehicle command
logic monitored this condition for about 20 seconds to determine whether
the poor signal condition was permanent or whether it was due to fadeout.
The vehicle command logic then generated a command which switched the
transponder to the standby mode. Channel 1 was reassigned, and the
range readout was recorded.
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SECTION 6.0 - AIRCRAFT FLIGHT TEST PROGRAM

6.1

6.2

6.3

Introduction

The aircraft flight tests were originally intended to check all facets of

the AROD concept and to evaluate the performance of each subsystem

under flight conditions,

The spurious erratic operation of the TTR and TTT in laboratory

testing eliminated the possibility of accomplishing the entire program

and prompted a re-evaluation of its scope.

It was decided, therefore, that the flight test program should be limited

to the evaluation of specific techniques and/or problems whose solutions

would be most beneficial in the development of the prototype AROD

system.

Objectives

The primary objectives of the flight test program were

l,

2.

3.

to determine the effects of multipath on the S-band tracking link,

to evaluate the direction finding technique and

to evaluate the velocity data extraction techniqu e •

The secondary objectives of the flight test program were

i. to measure the time required for automatic acquisition,

2. to perform a station change over and

3. to evaluate the Vehicle Timing Unit.

System C onfisuration

The brassboard model of the AROD system was moved to the field

for flight testing on 16 November 1964. The equipment to be tested

consisted of one vehicle system and two transponder systems.
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6.3.1 Vehicle System Configuration

6.3.2

A UIA Otter aircraft was obtained from the U. S. Army and modified

to house the vehicle system. A Zeus GW300, 3000 watt, If5 volt, 60 Hz

Electrical power unit driven by a Wisconsin BKN motor was mounted

in the aircraft for use when commercial power was not available.

Two pairs of helices were mounted on the belly, in a position to insure

minimum prop modulation, of the aircraft for use as vehicle tracking

antennas. One pair was wound to provide linear polarization and the

other to provide circular polarization. A switching arrangement per-

mitted selection of the pair to be employed. An array of two top-loaded

1/4 wavelength stubs served as the vehicle command antenna and was

mounted adjacent ot the tracking antennas. All were fed with coaxial

cables through bulkhead mountings.

A 22' Jupiter Missile test van was converted into a checkout trailer

for the aircraft. The test van was located in the back of the hangar at

Redstone and supplied commercial power to the aircraft when parked

in the hangar. See Figures 6-1 through 6-3 for photographs of the

aircraft equipment and the checkout trailer.

Transponder System Configurations

Two 28' Jupiter Missile test vans were used to house the transponder

systems. Two pairs of helices were mounted on a ground plane and used

as transponder tracking antennas. One pair was wound to provide cir-

cular polarization and the other pair to provide linear polarization. A

switching arrangement permitted selection of the pair to be employed.

The antennas and ground plane were mechanically steered with a rotator

supplemented by visual sightings.

An array of four 1/4 wavelength stubs was used as the transponder

command/direction finding antenna. All the antennas were fed with

coaxial cables through bulkhead mountings.

Locations and Photographs of these trailers are illustrated in Figures 6-4

through 6- 7.

Instrumentation

Telemetry System

The telemetry system used to support the AROD flight test program

was supplied by the Astrionics Laboratory of MSFC. This system,

which supplied 5 watts power output at 253.8 MHz, was essentially the

same as the PCM/FM system used in support of Saturn Vehicle flights.

The bit rate of the system was 72 KHz. Only one-half of the system

was employed, reducing the usable bit rate to 36 KHz. Thirty channels
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6.4.2

6.4.3

were available with a 1200 bit per second capacity on each channel.

Three channels were used for synchronization and the remaining 27

channels were used to transmit analog and digital data to the PCM/FM

ground station.

MSFC Telemetry

The PCM/FM telemetry signal transmitted from the aircraft was

received by telemetry ground stations in the Computation Laboratory

and the Astrionics Laboratory of MSFC. The Computation Laboratory

was the primary source of recorded data. The Astrionics Laboratory

was the source for quick look data and served as backup to the Compu-

tation Laboratory.

Data recordings consisted of composite PCM/FM output, MSFC time,

and voice communications.

MSFC Radar

The weather radio station operated by MSFC Aero-Ballistics Laboratory

was used to check the accuracy of the direction finding system by deter-

mining range, azimuth and eIevation of the aircraft relative to trans-

ponder stations. This tracking system was of the cooperative type and

a beacon, therefore, was mounted on the AROD test aircraft. The

accuracy of this system was satisfactory for the flight tests.

Data was sampled 1Z times per minute and correlated with other data

by means of the MSFC timing signal.

6.4.4 C ontr ave s

Test and Reliability Evaluation Laboratory of the Research & Deveiopment

Directorate/Army Missile Command supported the program on selected

flights using Contraves cinetheodolites. Three cinetheodolites were used

to determine the position of a selected point on the aircraft to an accuracy

of ± 5 feet or less at ranges to 30,000 feet.

Data was sampled at the rate of 10 times per second and correlated with

other data by means of the MSFC timing signals.

Only selected portions of a given flight were photographed to minimize

the amount of film used. The data obtained, however, served as a

means of checking the radar data accuracy and correcting any calibra-

tion error in the radar data.

The film was processed by the Army and data reduction was performed

by the Computation Laboratory of MSFC.
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6.4.5

6.4.6

Data Reduction

The Computation Laboratory reduced PCM telemetry, radar, and

Contraves data. The analog telemetry data was reduced to oscil-

lographic records, one channel of which contained the MSFC timing

signal. Four 18 channel oscillographs were used to record the

playback of the telemetry tape at a speed of approximately 1.6 inches

per second.

The telemetered digital data was processed by a computer which

provided decimal readouts of range, velocity, AROD time, and MSFC

time at a rate of four samples per second.

The position of the aircraft was determined by a computer program

using the raw radar data and the known position of the radar antenna.

This provided the position of the aircraft relative to each of the two

transponder sites in terms of range, radial velocity, azimuth angle,

and elevation angle from each of the sites.

-" " byine contraves data was r_uu_d "' _' -' ..... :- a ---'----*_-

angle dials on every tenth frame of the raw data. The position of the

aircraft was then computed using data from the three contraves sites

and their surveyed coordinates.

Oscillograph Recorders

A Consolidated Electrodynamics Model 5-124, 18 channel oscillograph

was used at each AROD transponder site. One channel was used to

record the MSFC timing signal and the remaining 17 channels were

used to monitor outputs from the command and the tracking links.

Since more than 17 monitor points were available in the system, switch-

ing was provided in a monitor panel unit allowing selection of points

to be monitored.

The three types of galvanometers used in the oscillograph are listed

in Table 6-I.

GALVO. TYPE FREQUENCY RESPONSE DATA RECORDED

(FLAT 5%)

7-316

7-319

7 -345

0 - 1200 Hz

0 - 350 Hz

0 - ZOO Hz

Direction Finding

MSFC Time

Miscellaneous

TABLE 6-1. GALVANOMETER
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6.4.7

6.5

The oscillograph was run at all times during the flight except for

the time required to change the 200 foot roils of direct print paper.

The recorder was run at speeds of I/4, l, 4, and 16 inches per

second with good data obtained at 4 inches per second. Though the

data was easier to read at 16 inches per second, the increased

consumption of paper at this speed limited its use.

Voice Communications

Communications between all supporting elements was maintained by

a network of eight transceivers obtained on a rental basis for the

test program. The eight units were located as follows:

.

2.

3.

4.

5.

6.

7.

8.

Aircraft

Checkout trailer or at Contraves control station

AROD Site #I

AROD Site #2

Radar Site

Astrionics Laboratory telemetry station

Computation Laboratory telemetry station

Brown Engineering Company

The aircraft communications equipment provided 5 watts output and

operated on nickel-cadmium batteries. All of the other communications

equipment provided 25 watts output and operated on 115 vac. The RF

power available was more than sufficient to maintain communications

throughout the flight test.

Flight Reports

Four flights were made during the aircraft flight test program. The

personnel involved, the purpose, the flight plan, and the results of

each flight are described in the following paragraphs.

Flight # 1

Personnel -

Aircraft.

i. W. S. Barnes

, O. M. Liles
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6.5.1.2

6.5.1.3

6. 5. 1.4 Results -

Preflight.

I.

2.

Transponder Site #i.

i. J.B. Smith

2. J.E. Peters

3. G. Prine

Transponder Site #2.

P. E. Ewing

Support Personnel.

Pilot: Major Gregory

MSFC Telemetry: Personnel required to record voice, MSFC time,

and AROD PCM output. Recorded all voice transmissions. Recorded

PCM output for approximately 20 seconds during takeoff. Off for

approximately 8 minutes; then recorded for the remainder of flight

except for one tape change.

Radar: Personnel required to track the AROD test aircraft and record

range and elevation and azimuth angle. No useful data was recorded

due to a malfunction in radar ground equipment.

Purpose - To provide a general checkout of the AROD System and its

associated data recording equipment.

Flight Plan - Per Figure 6-8.

.

Vehicle Velocity Extraction Unit was inoperative.

Vehicle Tracking Receiver at Site #2 would not lock to any

channel.

Transponder Command Logic was bypassed, and the system was

placed in the doppler uncompensated mode at both sites.
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o

Flight.

1.

Z.

The VTR channels #1 and #3 were assigned to Sites #1 and

#2, respectively. The TTR's at both sites and the VTR

channel #1 were locked before takeoff.

Vehicle

a. Timing unit operated properly.

b. Had positive indication of times when channels were

locked and unlocked.

c. Had no indication of multipath.

dl Increased sensitivity needed for Channels #1 and #1 AGC

deflection voltage at monitor panel.

e. Power levels on VCT and VTT were too high, causing

saturation at times in the ground :cuc:'v=:_.

f. More calibration markers needed for telemetry.

go Voice communications very poor, creating uncertainty in

aircraft position at times.

Transponder Site #1

a. Assigned to VTR Channel #1.

b. The TTR was locked to the vehicle tracking frequency for

about 60 per cent of the flight. Each dropout was due to

aircraft going into a sharp turn or to aircraft tracker losing

position of the aircraft.

c. TTR AGC monitoring voltage needed increased sensitivity.

do Command receiver AGC functioned properly and had

enough sensitivity.

e. Phase monitor gave no indication of rapid phase changes in

the received tracking signal. It appears that increased

sensitivity is needed for the deflection voltage used to drive

the oscillograph recorder.
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Q Transponder Site #2

a. Assigned to VTR Channel #3.

b. The TTR was locked to the vehicle tracking frequency

for about 60 per cent of the flight.

c. The TTR lost lock each time the aircraft made a turn.

The turns were estimated to be at 15 to 20 degree banks.

d. There was no return transmission from Site #2 because

of a broken cable connecting the TTT to the antenna.

e. There was no recorded data due to bad oscillographic

paper.

6.5.2 Flight #2

6.5.2. 1 Personnel -

Aircraft.

i. W.S.

2. O.M.

Barnes

Liles

Transponder Site #i.

i. J.B. Smith

2. R.A. Banner

3. G.D. Prine

Transponder Site #2.

I. J.E. Peters

2. P.E. Ewing

Support Personnel.

Pilot: Mr. Lysne

6-16



MSFC Telemetry: Personnel required to record MSFC time and
AROD PCM telemetry output. Recorded during entire flight except
for tape changes.

MSFC Computation Laboratory: Personnel required to record MSFC
time and AROD PCM telemetry. Recorded only during times when
MSFC telemetry was changing tapes.

Radar: Personnel required to track the AROD test aircraft and record

range and elevation and azimuth angle. No useful data was recorded

due to a malfunction in radar ground equipment.

6.5.2.2 Purpose -

I ° To check out the direction finding equipment at transponder site
#2.

To observe the effects of rapid phase changes in the tracking

signal received at both transponder sites.

6.5.2.3 Flight Plan - Per Figure 6-9.

6.5.2.4 Re suits -

Preflight.

Io All systems checked OK.

The __ransponder CommandLogic was by-passed, and the system

was placed in the doppler uncompensated mode at both sites.

. The VTR channels #3 and #I were assigned to sites #I and #2,

respectively. Two-way lock was achieved on both channels

before takeoff.

. The transformer burned out in the servo-mechanism used as a

tracking aid for the TTT and TTR antennas at transponder site

#I. It was decided to position these antennas manually rather

than purchase a replacement transformer.
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Flight.

1.

,

.

Vehicle

a. AROD timing unit incurred a malfunction during the flight.

b, Velocity data appeared to be good on both channels for

short intervals during the flight. The longest interval of

recording smooth data was approximately two minutes.

However, there was no correlation between this data and

the radar data.

C. AGC voltage on both channels of the VTR showed no

indication of multipath interference.

d. Increased sensitivity is needed for channels #1 and #3,

AGC deflection voltage at monitor panel.

e. Power levels on VCT and VTT were too high, causing

saturation at times in the ground receivers.

Transponder Site #1

a. The TTR was locked to the vehicle tracking frequency for

about 85 per cent of the flight. Each dropout was due to

an obstruction between the aircraft and the transponder

when flying at low altitudes or to the person manually

pointing the tracking antenna of the aircraft.

b. Phase monitor gave no indication of rapid phase changes in

the received tracking signal. It appears that increased

sensitivity is needed for the deflection voltage used to drive

the oscillograph recorder.

C. Increased sensitivity is needed for the TTR AGC deflection

voltage used to drive the oscillograph recorder.

Transponder Site #2

a. The TTR was locked to the vehicle tracking frequency for

about 70 per cent of the flight.

b. No multipath induced rapid changes were observed.

Increased sensitivity is needed for the deflection voltage

used to drive the oscillograph recorder.
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C.

do

e.

f°

Fli_ht #3

Personnel -

Aircraft.

Increased sensitivity is needed for the TTR AGC

deflection voltage used to drive the oscillograph

recorder.

The DF information could be interpreted to yield the

quadrant in which the aircraft was flying. MSFC radar

data was used for the comparison.

The elevation angle of the aircraft could not be determined

from the DF information.

The TTT and TTR antennas were fixed for this flight.

These antennas will track the aircraft by manual operation

on succeeding flights.

i. W.S. Barnes

2. O.M. Liles

Transponder Site #i.

I. J.B. Smith

2. P.E. Ewing

3. K.R. Boutwell

Transponder Site #2.

I. J.E. Peters

2. G. D. Prine

3. W.C. Hickman

Support Personnel.

Pilot: Mr. Lysne
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MSFC Telemetry: Telemetry personnel were standing by but
were not used due to a malfunction in the vehicle equipment.

MSFC Computation Laboratory: Personnel were standing by but
were not used due to a malfunction in the vehicle equipment.

MSFC Radar: Personnel required to track the AROD test aircraft
and record range and elevation and azimuth angle.

6.5.3.2 Purpose -

l °

2.

3.

Note:

To determine time required for automatic acquisition.

To perform a station changeover.

To observe the effects of rapid phase changes in the tracking

signal received at both transponder sites.

Parts I and 2 of the mission were cancelled before the flight

because of a malfunction in the vehicle equipment.

6.5.3. 3 Flight Plan - Per Figure 6-10.

6.5.3.4 Results -

Preflight.

1. The tunnel diode mixer in the VTR failed.

channels could be used during this flight.

.

3.

.

.

o

None of the VTR

All other AROD systems checked O. K.

The aircraft telemetry unit failed. No telemetry data could be

recorded.

The command logic at transponder #i was bypassed, and the

system was placed in the Doppler uncompensated mode.

The tracking receivers at sites #l and #2 were locked to the

vehicle tracking frequency before take-off.

The tracking antennas at both sites were set up to enable manual

tracking of the aircraft.
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Flight.

1. Vehicle

am The VCT and VTT output power levels were reduced con-

siderably to prevent receiver saturation.

Transponder Site #1

a. The TTR was locked ot the vehicle tracking frequency

for about 90 percent of the flight.

Do One multipath area was observed during the flight (1 900

meters slant range and 17 ° elevation angle relative to

Site #1). The recorded phase change was small during

this period.

. Transponder Site #Z

aQ The TTR was locked to the vehicle tracking frequency

for about 85 percent of the flight.

b. The DF (direction finding) equipment was inoperative

during this flight.

Co Several multipath areas were observed during the flight.

The effects on the received tracking signal are illustrated

in TabIe 6-2.

6.5.4 Flight #4

6.5.4.1 Personnel-

Aircraft.

1. W.S. Barnes

2. O.M. Liles

Transponder Site #1.

I. J.B. Smith

2. M.O. Bennett

3. K.R. Boutwell
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Transponder Site #2.

I. J.E. Scalf

2. D.A. Bodeker

3. J.E. Peters

4. G.D. Prine

Support Personnel.

Pilot: Major Tillery

MSFC Telemetry: Personnel required to record MSFC time and

AROD PCM telemetry output. Recorded during entire flight except

for tape changes.

MSFC Computation Laboratory: Personnel required to record MSFC

time and AROD PCM telemetry. Recorded only during times when

MSFC telemetry was changing tapes.

MSFC Radar: Personnel required to track the AROD test aircraft

and record range and elevation and azimuth angle. Portions of the

radar data were corrected by using the more accurate Contraves data

as a comparison.

Army Contraves: Personnel required to optically track and photograph

the test aircraft at four selected intervals (eight minutes total) during

the flight.

6.5.4. 2 Purpose -

i. To evaluate the direction finding equipment at the transponder

site #Z.

2. To observe the effects of rapid phase changes in the tracking

signal received at both sites.

3. To evaluate the velocity data extraction capability of the vehicle

system.

4. To determine time required for automatic acquisition.

5. To perform a station changeover.
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6.5.4.3 Fli_ht Plan - Per Figure 6-i I.

Re sult s -

Preflight.

I • All systems checked O. K.

The vehicle velocity extraction unit was checked with telemetry.

Simulated doppler frequencies within the range expected during

the flight were inserted into the unit. These frequencies were

converted into digital velocity data and then transmitted to and

recorded by MSFC telemetry. Comparison of the recorded

digital data with the simulated doppler frequencies demonstrated

that the velocity data extraction unit and the recording equipments

were operating properly. The VTR was not included as a part of

this checkout.

. The direction finding equipment at site #2 was calibrated using

the transponder test set and variable phase shifters to simulate

azimuth inputs. It was calibrated at 0 °, 90 °, 180 °, and 270 °.

. Site #2 was wired to respond only to "off-to-standby" and

"standby-to-on" commands from the vehicle equipment. The

"standby-to-on" command placed the ground station in the doppler

uncompensated, or the tracking, mode. This change was made so

that other command logic functions could be bypassed during the

flight. It allowed the ground station to operate in the tracking

mode whether the aircraft receivers were locked or not.

. The command logic was bypassed entirely at site #1, the site

without automatic acquisition. This change was incorporated to

simplify acquisition for the operator at that site.

. The VTR channels #3 and #1 were assigned to sites #1 and #2,

respectively. Two-way lock was achieved on both channels

before take-off.

. The tracking antennas at both sites were set up to enable manual

tracking of the aircraft.

Flight.

1. Vehicle

a. Had no indication of multipath.

b. Velocity data was high and erratic. The reason was later
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Z.

a

found to be due to an error in the frequency of the first

local oscillator signal supplied by the VMO/FS.

Transponder Site #I

ao The TTR was locked to the vehicle tracking frequency

for about 80 percent of the flight.

b. There was one unexplained loss of lock at 5.34 ° elevation

and 12,000 meters slant range relative to the site. The

aircraft was flying due south. Recorded data did not

indicate that multipath caused the system to lose lock.

C. The largest recorded phase deviation in the tracking signal

was 60°. Recorded data did not indicate that this phase

change was caused by multipath.

do There were no areas noted where the AGC and phase

monitors simultaneously indicated a multipath area.

Transponder Site #2

al The TTR was locked to the vehicle tracking frequency for

about 85 percent of the flight.

b. The DF information could be interpreted to yield the

azimuth angle of the aircraft with in ±20°. However, the

DF coordinate system was in error by an approximate 45 °

rotation. MSFC radar data was used for the comparison in

reducing the DF data.

C, The elevation angle of the aircraft could not be determined

from the DF information with any degree of certainty.

d. Station changeover was performed successfully. Channel

#1 was acquired initially. The tracking signal was atten-

uated until VCL generated an OFF command for site #2.

Site #2 was switched to the "off" mode and then to the "on"

and "tracking" modes for channel 3 by digital commands

from the vehicle.

e. Automatic acquisition time: Power is applied to all equip-

ment at site #Z except the TTT when the site is switched to

the standby mode. This enables the TTR to lock to the

vehicle tracking frequency while in the standby mode. With

the TTR locked and approximately 0 doppler, acquisition time

is the time from generation of the first "on" command at the
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6.6

6.6.1

6.6. Z

6.6.3

at the vehicle to the time when the TTR is switched

to the tracking mode. This time was measured to be

3.0 ± 0.1 seconds.

f. Several multipath areas were observed during the flight.

The effects on the received tracking signal and other

pertinent information are illustrated in Table 6-3.

Results

Equipment Status

The status of the AROD equipment remained basically unchanged

throughout the aircraft flight test program. All malfunctions encoun-

tered during this time were corrected except those of the Vehicle

Timing Unit. Logic boards were taken from the Vehicle Timing Unit

to repair the Other units as needed.

The VTR, VTT, VCT, VMO/FS and TTT were-the mose,retiable units in

the system and required little maintenance during the program. The

TTR gave the most difficulty and the range extraction unit was inoperative

during the entire program. The other digital units performed satisfac-

torily except for occasional circuit malfunctions.

Multipath Tests

These tests were designed to observe the effects of multipath on the

S-band tracking signal at sites #1 and #Z. Multipath data was recorded

on each flight. Multipath conditions were noted much more frequently

at site #Z than at site #1, probably due to the locations of the sites.

Site #Z lost lock three times for reasons which could be attributed to

multipath while loss of lock due to multipath was not experienced at

site #1.

Typical examples of multipath data recorded during the flight test

program are illustrated in Figure 6-12 through 6-23.

A brief summary of the conditions and data of these figures is contained

in Table 6-4.

Direction Finding

Three flights were made in an effort to evaluate the direction finding

(DF) technique employed at site #2. No data was obtained on flight #I,

limited results were obtained on flight #2, the DF equipment was

inoperative on flight #3, and improved results were obtained on flight #4.
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The design goal of the direction finding system was to determine

the AROD test aircraft's elevation angle, within ±10 °, and azimuth

angle, within ±10 °, relative to site #Z. This design goal was not

achieved. Analysis of the data from flight #2 indicated that the

quadrant in which the aircraft was flying could be determined. How-

ever, the nulls on the azimuth channels were not clearly defined and

the data was difficult to interpret. The elevation channel was inoperative.

As a result of flight #Z it was recommended that the Df equipment be

analyzed in detail and then recalibrated. Additional shielding was
added in the upper IF strip and a filter added to the local oscillator

driver network in the lower channel to increase isolation between the

IF channels prior to recalibration.

A photograph of a portion of the calibration tape is illustrated in Fig-

ure 6-Z4. This tape can be compared with the DF data recorded during
flight #2, Figure 6-25.

Samples of the Df data recorded during flight #4, which could be inter-
yi " '"

6-26 and 6-27. However, there was an unexplained rotation of-

approximately 45 °.

The DF data was reduced by noting the MSFC time at which a null occurred

on either azimuth channel. A record of the times at which nulls occurred

was made for all data recorded during the flight. The radar data was

then used to determine, by time correlation, the azimuth angle from the

site at which each of these nulls occurred. A typical portion of the DF
system test results is listed in Table 6-5.

The data obtained from the azimuth channels indicate that the axis was

rotated approximately 45 ° from the expected position and that the nulls

did not occur exactly 90 ° apart. This can be explained to some extent

by the difficulty encountered in the preflight calibration. In the pre-

flight calibration, the preflight calibration signal was fed in at the antenna

end of each of four I_G 214/U cables approximately 75 feet long and the
position of the source simulated by external phase shifters. After this

calibration was completed, the four cables were connected to the direction

finding antenna. It is possible that the rotation of the axis and the error in

the angle between axes was due to the simulation equipment settings. It is
also possible that the interaction between the four stubs of the DF antenna

caused some of the problems. Later tests of the DF system using a target

transmitter indicated that the phase relationships at the bases of the stubs

could have been in error. This conclusion is based on having the proper

relationships with a signal applied directly to the input end of the cables;

whereas, the errors existed when the target transmitter was used in a
static {ground) test.
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Figure 6-26. Site #2, TC/I

Figure 6-27. Site #2, TC/E



I_R Outputs (Aircraft North of Site)

R Outputs (Aircraft West of Site)



* MSFC Time

(hr. rain. sec.)

** Slant

Range

(ms)

*'_$Elevation

Angle

(degrees)

14 07 23.8

14 I0 29

14 13 49

14 17 29

14 18 50

14 20 51

14 23 18

14 27 00

14 34 31

14 35 40

14 38 21

14 39 13

14 40 41

14 55 06

14 55 50

14 56 I0.3

14 56 28

14 57 03

14 57 20

14 57 50

14 58 10

14 58 36

i4 59 1Z

15 00 07

15 00 25

15 01 00.5

15 02 12

15 03 14

9,400

8, 130

6,300

2,650

3,620

5,080

4,000

2,925

3,430

6,770

4,660

2,435

3,725

5, 7OO

3,050

1, 94O

1,240

982

I, 080

1,080

920

1 355

1 880

1 200

1 I00

1 380

1 665

1 815

3.05 °
3. 30 °

4.6 °

11.8 °

7.9 °

5.68 °

9. 81 °

11.5 °

11.7 °

5.65 °

7.05 °

14.3 °

9.8 °

6. 55 °

12.2 °

19 0 °

31 4 °

41 9 °

36 5°

34 85 °

43 8 °

30.2 °

15.8 °

27.3 °

29.5 °

18.7 °

5.9 °

6.9 °

East South West North

Null Null Null Null

50.5 °

48.2 °

45.4 °

46.0 °

55.1 °

134.6 °

199. 5 °

136 °

200.0 °

142.5 °

136.9 o

142.8 °

147.Z °

148.5 °

158.4 o

188 °

139.8 °

224 °

157 °

214.8 °

146.5 °

302 °

308.9 °

335 °

329.6 °

315 °

_:_Obtained from the oscillograph record and the radar data.

**Obtained from the radar data which was possibly in error by several degrees

when the aircraft was within 2,000 meters of the site. This error is due

to lack of exact survey data on the site location.

**_ The radar data was not extremely accurate in real time and this could be

an additional factor in the accuracy of the azimuth angles when the air-

craft passed near the site, thus causing a high rate of change in the

azimuth angle.

TABLE 6-5. DIRECTION FINDING SYSTEM TEST RESULTS
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6.6.4

6.6.5

6.6.6

6.6.7

The data obtained on the elevation channel varied with changes in the

elevation angle of the aircraft. However, the aircraft flew at such

low altitudes for most of the flight that little useful data was obtainable.

No valid conclusions could be drawn from the analysis of the elevation

data.

Velocity Data Extraction

The Vehicle Velocity Extraction Unit was checked before each flight.

Known frequencies were fed into the unit and checked by telemetry

before one flight. Based on laboratory test results and the preflight

checks before each flight, there was every reason to anticipate good

velocity data on each flight.

However, only on flight #2 did velocity data appear to be valid, and

this for only a short time interval even when there was no correlation

with the radar data. The velocities recorded on all other flights were

high and erratic. The reason for this was found to be a first local

oscillator signal in the VTR which was not coherent with the vehicle

master oscillator frequency.

Automatic Acquisition Time

Automatic acquisition time was measured with the aircraft on the ground.

The Vehicle Command Transmitter sent the standby command to site #2

which turned all equipment on at site #2 except the TTT. This allowed

the VTR to lock to the vehicle tracking frequency.

With the system in the above condition, acquisition time was defined to

be the time from generation of the first "standby-to-on" command at

the vehicle to the time when the TTR was switched to the tracking mode.

This time was measured to be 3.0 ± .01 seconds.

Station Changeover

Station changeover was performed successfully. Channel 1 was acquired

initially and the tracking signal attenuated until the VCL generated an

OFF command for site #2. Site #2 was switched to the "off" mode and

then to the "on" and "tracking" modes for channel 3 by digital commands

from the vehicle.

Vehicle Timin 8 Unit

The Vehicle Timing Unit performed satisfactorily during flight #1

and useful timing data was recorded by telemetry.

The VTU incurred a malfunction during flight #2. The failure was located

but not corrected due to insufficient parts. Therefore, the VTU was

evaluated on flight #1 only.
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6.7 Discussion of Particular Problems

6.7.1

6.7.2

6.7.3

6.7.4

This section contains a list of particular problems which slowed the

progress of limited the results of the aircraft flight test program,

Analysis of Phase Data

There were uncertainties in the determination of phase changes in the

tracking signal received at the ground stations. The uncertainties

occurred in the interpretation of data. Comparative data were not

available since controlled multipath conditions were not simulated in

the laboratory. The amounts of phase change could be determined

from the flight test data; but, without comparative data, it was difficult

to be absolutely certain of the cause or magnitude of the change.

Vehicle Tracking Transmitter - Vehicle Trackin_ Receiver Isolation

The signal from the VTT and the signal to the VTR were duplexed

through the same antenna during the flight test program. Improper

isolation resulted in damage to the first mixer in the VTR. For this

reason the VTRwas inoperative during flight #3. The mixer was

replaced prior to flight #4. During this flight, the output power of the

VTT was held to 60 mw or less by an in-line attenuator to eliminate

the possibility of recurrence of the damage.

Antenna Trackin_

The optical-servo tracker to be employed at site #1 was inoperative

during the entire flight test program. Manual positioning of the trans-

ponder tracking antennas at both sites created some uncertainty in the

recorded data during each flight test. It was difficult to determine

whether some of the observations resulted from the tracker losing sight

of the aircraft or whether they were due to external causes. It is

recommended that improved tracking methods or omnidirectional

antennas be employed on future models.

Voltage Controlled Crystal Oscillators

VCXO's were used extensively in the AROD system. Difficulty was

experienced several times in the test program due to the apparent in-

dication of two-way lock when, in actuality, the VCXO from which the

signal was derived was free-running. Extreme care must be exercised

to assure that the VCXO's are locked to their reference voltage.
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6.7.5 Power Supplies (Purchased from Technipower, Incorporated)

6.7.6

6.7.7

6.7.8

Almost 50% (19 of 40) of the power supplies failed during the entire

AROD study program. Five failed during the flight test program. Most

of thepower supplies were either repaired or replaced by the supplier

at no charge.

Digital Modules (Purchased from Metric Systems, Incorporated)

Approximately 1070 of the digital modules failed as a result of cold

weather when solder joints craced and lost conductivity. They were

repaired and returned to the system.

Pressurized Coaxial Cables (Purchased from Phelps Dodge ]Electronic

Products Corporation)

Four of six cables to be used with the TC/DFR malfunctioned during

two days of cold weather (14°F to 35°F). Two lost pressure and two

were broken at the connector. The purchase price of all cables was

refunded by the supplier.

Transponder Instrumentation

In the aircraft flight test program

° the number of channels available for simultaneous data recording

was not adequate,

the paper width was too small for accurate interpretation of

some recorded data,

. the interfaces between the monitor points and the oscillograph

recorder were not adequately designed,

o the frequency response was too low for the galvonometers used

in the main loop phase monitor circuitry,

So the switch positions on the monitor panel were numbered, rather

than functionally labeled (it is believed that the monitor panel could

be better utilized if functional labels were assigned to switch

positions) and

, the face of the monitor panel calibration meter was color coded

on the full scale end with no other graduations. The meter would

have been more valuable during the flight test program if it had

had small graduations (I/8 inch divisions) across the entire face.
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6.8

More care should be given to the selection of monitor points, the
design of the interface between the monitor points and the oscillo-
graph recorder, and the selection of the oscillograph recorder.

Conclusions

The design study model of the AROD system performed very well

during the A/C flight tests. With the exception of the Vehicle Range

Extraction Unit, all units were subjected to operational tests under

flight conditions.

The following specific conclusions were reached concerning the

individual techniques and equipment.

l . The flight test program demonstrated that the data readout

technique, in conjunction with a similar telemetry system,

will be satisfactory for future models.

The command link, though only limited messages (Standby and

Standby-to-On) were used, should not be a major problem on

future models. The vehicle generated all the necessary commands

and the transponder responded to these commands as required.

Satisfactory command words were received at the ground

stations from a range of I0 miles and with the VCT at 40

microwatts power output.

, Automatic acquisition remains one of the more critical problems

of the AROD concept. It was not tested during this program

because of the low doppler frequencies attained with the Otter

aircraft.

. The direction finding equipment did not perform in a satisfactory

manner. Test results indicated that the unit must be refined or

redesigned before it can operate as required.

The elevation and azimuth channels could be simplified by using PCM/

FM on the command link. The use of switched PCM, employed on this

nlodel, requires that the two azimuth channels be perfectly balanced,

generating extremely critical filter requirements. Further difficulties

were encountered due to a lack of temperature compensated components

in the DF equipment.
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o The presence and difficulties of multipath induced "fading"

was not useably demonstrated in the flight tests. It is likely,

however, that multipath is a major consideration on orbital

flights with the vehicle at low elevation angles and the tracking

signal at low power levels.

o The reason for the erratic velocities recorded on each flight was

determined to be an erroneous frequency of the VTR first local

oscillator. Since no flights were made after repair of the VMO/

FS, from which the first local oscillator signal was supplied, no

definite conclusions regarding correction of the problem can be
drawn.

6-47



APPENDIX



REFERENCES

Ii

e

e

e

.

.

.

.

.

I0.

II.

Six, N. F., Jr.; "Over-the-Horizon Transmission at 136 Mc/s",

Brown Engineering Company Technical Note R-50; June, 1963.

"AROD Design Feasibility Report", International Business Machines

Corporation, Final Report for NASA Contract No. NAS8-5098,

IBM Document No. TR-023-022, Vols. 1 and 2; March 20, 1963.

Scalf, J. E.; Williams, T. C.; "Command Link Modulation",

Brown Engineering Company Memorandum; May 2, 1963.

AD/COM, Inc.; "Performance of the AROD Tracking System",

Sixth Progress Report; August, 1963 (pp. 68-97).

Bodeker, D. A., Jr. ; "Analysis of a Scheme for Direction Finding",

Brown Engineering Company Technical Memorandum A- 9-63- 1 ;

September 19, 1963.

Devletoglou, E. H. ; "Analysis of a Scheme for Direction Finding

Brown Engineering Company Technical Memorandum A-I0-63-8;

October 18, 1963.

Devletoglou, E. H. ; "Analysis of a Scheme for Direction Finding",

Brown Engineering Company Technical Memorandum A-10-63-22;

October 30, 1963.

Devletoglou, E. H.; "Analysis of a Scheme for Direction Finding",

Brown Engineering Company Technical Memorandum A-11-63-6;

November 7, 1963.

"Second Bimonthly Progress Report on Antenna and Radio Tracking

Systems Study", Report No. NAS8-5231-3; Radio Frequency

Tracking Laboratory, Auburn Research Foundation, Auburn

University, Auburn, Alabama; April 1, 1963 to June 1, 1963.

Nolan, S. T.; "The Determination of Maximum Range, Range Speed,

Range Acceleration, and Elevation Angle Rate for Tracking aSatellite",

Brown Engineering Company Technical Note R-35; March, 1963.

Crews, H. C., Jr.; Minshew, H. M.; White, J. E., Jr.; "An

Evaluation of Potential Locations for AROD Ground Stations",

Brown Engineering Company Technical Note R-34; February,

(Revised October, 1963).

1 963



IZ.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Minshew, H. M. ; "Direction Cosines to Ground Stations", Brown

Engineering Company Technical Memorandum A- 1 Z-63o31 ;

De_ember, 1963

Minshew, H. M. ; "A FORTRAN Program for Three-Degree of

Freedom Trajectories Referenced to Geocentric Coordinates and

to an Arbitrary Point on the Earth's Surface", Brown Engineering

Company Technical Note R-48; May, 1963.

Holmes, J. R. ; "An Analysis of the Velocity Dilution of Precision

for Potential AROD Stations", Brown Engineering Company Technical

Note R-57; June, 1963.

Crews, H. C., Jr. ; White, J. E., Jr.; Watson, R. G., Jr.; "A

Preliminary Analysis of AROD Concept for Space Applications 'e,

NASA Document No. MTP-ASTR-I-63-6; May Z, 1963.

Saunders, G. H. ; "Airborne Range and Orbital Determination System",

MTP-ASTR-I-63-Z; February 15, 1963.

Counter, V. A. ; Reidel, E. P. ; "Calculations of Ground-Space

Propagation Effects", Lockheed Aircraft Corp. Report No. LMSD-2461;

May, 1958 (ASTLA No. AD 162000).

Peterson, A. M. ; et el; "Upper Atmosphere Clutter Research, Final

Report, Part XILI: Effects of the Atmosphere on Radar Resolution

and Accuracy", Stanford Research Institute Project 2225; April, 1960

(ASTIA No. AD 238407).

Tischer, F. J. ; "Propagation-Doppler Effects in Space Communications",

Proceedings IRE, Vol. 48, No. 4; April, 1960.

Thatcher, J. W.; "Operational Status of the Deep Space Instrumentation

Facility as of July 1, 1962", Jet Propulsion Laboratory Technical

Report No. 32-319; August, 1962.

Parker, R. R. ; "AROD Vehicle Transmitted Signal", Brown Engine-

ering Comapny Technical Memorandum A-12-63-17; December IE,
1963.

Parker, R. R.; Klingman, E. E.; Wolin, S.; "Comparison of Spectra

of Single Sideband and Phase Modulated Signals", Brown Engineering

Company Technical Note R-91; February, 1964.

2



Z3.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wolin0 S. ; "Intermodulation Analysis of a Nonlinear Amplifier",

Brown Engineering Company Technical Note R-100; May, 1964

Klingman0 E. E.; Crews, H. C., Jr. ; White, J. E., Jr. ; Langley,
W. M. ; "Computation of Intermodulation Products for AROD Trans-

ponder Transmissions", Brown Engineering Company Technical
Note R-42; June, 1963.

Inman, Shirley; "Calculation of Intermodulation Interference with

Four AROD Transponder Transmissions", Brown Engineering
Company Computer Program SP-78.

Minshew, H. M. ; Phillips, A. R. ; Crews, H. C., Jr. ; "Determination

of Trajectory Parameters Relative to Various AROD Ground Stations",

Brown Engineering Company Technical Note R-39; June, 1963.

Harvilla, J. A. ; "Mixer Signal and Noise Spectrum Analysis",

Brown Engineering Company Technical Note R-80; November,
1963

Van Valkenburg, M. E.; Network Analysis, Prentice-Hall, Inc.;
1955.

Davenport, W. B., Jr.; Noot, W. L.;Random Signals and Noise,
McGraw-Hill Book Company, Inc. ; 1958.

Helstrom, Carl W. ; Statistical Theory of Signal Detection, Perganon
Press; 1960.

Klingman, E. E. ; "Noise Spectra of Signals Demodulated Using

Different Techniques", Brown Engineering Company Technical

Memorandum A-2-64-4; February 17, 1964.

Harvilla, J. A.; "S/N Characteristics of Phase and Frequency

Demodulators without Feedback", Brown Engineering Company
Technical Note R-118; October, 1964.

Schilling, D. L. ; Billig, J. ; "A Comparison of the Threshold Per-

formance of the Frequency Demodulator Using Feedback and the

Phase Locked Loop", Polytechnic Institute of Brooklyn Research

Report PIBMRI-IZ07-64; February 28, 1964.

Zupfer, J. A.; "Analysis of the Doppler Measurement Accuracy for

the AFC Loop Proposed for the TC/DFR", Brown Engineering Company

Technical Memorandum A-1-64-8; January 31, 1964.



Abridgement of RCA Packasin _ Study

Introduction - This report describes the recommended packaging de-

sign of the AROD vehicle- b_rne equipment. The approach used is

basically conservative, producing the required high confidence for

the early hardware implementation. The design is realistic from

the standpoint of meeting a short implementation time, and provides

a high degree of reliability backup.

The design presented is limited to the use of fully demonstrated com-

ponents and techniques, and has been made quite flexible to permit

quick changes during the prototype program. Although ICM's are

not compatible with the short time frame of the prototype program,

they are carefully examined and are recommended for application in

later models, primarily for reliability and weight improvement. The

packaging concept provides for the application of selective redundancy

and the capability of operating over a more severe temperature en-

vironment, to accommodate future system requirements.

This program's primary goal was to arrive at an optimal packaging

design for low power consumption, minimized size and weight, and

maximum reliability. Considerable effort was also devoted to the

basic equipment design, to provide compatibility with optimum pack-

aging. Salient packaging approaches which have resulted from this

program are given below. It should be noted that if the prototype

implementation program were to be deferred, increased consideration

should be given to techniques shown in the column, "Future Approach".

Item

VTT

IF Circuits and

Synthesizer

Digital

I st IF Amplifier

Material

Pr e sent Re commendation

TWT

Discrete parts in TO-5,

outboard conventional

components and off-

the- shelf monolithic

flat packs

Monolithic flat packs

in 2-D

Conventional Com-

ponents

Aluminum

Future Approach

Amplitron

Multichip & Mono-

lithic flat packs

in ICM

Monolithic flat packs

in ICM

Thin film

If weight becomes

more critical,

magnesium is
r ec ommended

7-P4a



Item

Reliability

Present Recommendation

LVPS Redundancy

Future Approach

Additional selected

redundancy as

described in

paragraph 7.3.3.4

7.5.3. Z Summary - This Final Report on the Study of Packaging of AROD

Vehicle-Borne Equipment was prepared by the Communications Sys-

tems Division of RCA under Contract 8-115Z6-3 to Brown Engineering

Company, Inc. The stated objectives of this program were to mini-

mize size, weight, and power consumption of the vehicle-borne

equipment and to achieve maximum system reliability. Within

this framework, primary effort was devoted to the incorporation

of microelectronics techniques for the reduction of size, weight,

and power consumption; enhancement of reliability; and the con-

sideration of selective redundancy to further maximize system

reliability.

The packaging study has resulted in a tentative design which incor-

porates microelectronics techniques together with selective redundancy

in the dc-to-dc converter. The recommended design, shown in the

block diagram of Figure 7-1, is detailed in this report through nar-

rative, graphical, and tabular descriptions. In each area of the

design, available alternatives were carefully weighed; the resulting

decisions together with their reasons are presented. The major

criteria used in the evaluation and selection of microelectronics

techniques and devices were:

I. Availability for early hardware implementation into flight

•prototype equipment to be delivered in early 1965.

2. Power dissipation.

3. Weight and volume of the resulting functional packages.

4. Reliability and confidence in reliability estimates.

5. Circuit electrical performance.

7- 24b



6. Present and projected cost factors.

7. Possibility of later incorporation of devices that currently

exhibit low reliability confidence (e. g. amplitrons).

Major performance parameters for each of the functional units and

for the total package are presented in Tables 7-2 and 7-3, for the

2-din_ensional (all components mounted on printed-circuit boards)

and 3-dimensional (integrated-circuit modules) configurations. The

selected approach is 2-D (Table 7-2). As the tabulation shows, the

total weight and volume are in excellent agreement with the estimates

presented in the AROD Packaging Study Proposal. The heat dissi-

pation is approximately one-third higher than the initial estimate.

This discrepancy is not excessive, and is largely a result of the

fact that the complexity of the Digital Section was greater than esti-

mated.

Integrated Circuit Packages (ICP's) were selected using the basic

criteria listed above. Monolithic silicon chip circuits generally

offer reliability advantages over the discrete chips, but were selected

only where they are off-the-shelf items. Monolithic circuits are

....- ............_ _ _h_ _ioltal_........ ar_a., where they are readilv available and offer

more confidence in reliability than do the discrete chips. In the

analog area, 366 circuits are readily available in monolithic form.

The remaining 267 circuits in the analog area use discrete chips,

since monolithic circuits to fill these functions are of limited availa-

bility and would require excessive delivery time. The discrete

chip circuits are used in the Vehicle Tracking Receiver and the

Synthesizer for the reasons given above; however, these circuit

configurations are selected for later adoption of monolithic circuits,

when they become available.

In the next level of packaging, consideration was given to the use of

2-dimensional (all components mounted on printed circuit boards}

versus 3-dimensional (integrated circuit modules) packaging. This

area was subjected to very careful and detailed analysis, as discussed

in this report. The recommendation was made to use only 2-dimen-

sional packaging for the prototypes, primarily because of the imple-

mentation time required for integrated circuit modules (IGM's).

Transition from 2-dimensional packaging to IGM's for subsequent

AROD models has been projected, and should be considered for

subsequent models to improve reliability and reduce size and weight.

This report states specifically the areas where later modification

should be considered, and describes what would be involved in such

modification.
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Abridgement of RCA Packa_in_ Stud},

Introduction - This report describes the recommended packaging de-

sign of the AROD vehicle- borne equipment. The approach used is

basically conservative, producing the required high confidence for

the early hardware implementation. The design is realistic from

the standpoint of meeting a short implementation time, and provides

a high degree of reliability backup.

The design presented is limited to the use of fully demonstrated com-

ponents and techniques, and has been made quite flexible to permit

quick changes during the prototype program. Although ICM's are

not compatible with the short time frame of the prototype program,

they are carefully examined and are recommended for application in

later models, primarily for reliability and weight improvement. The

packaging concept provides for the application of selective redundancy

and the capability of operating over a more severe temperature en-

vironment, to accommodate future system requirements.

This program's primary goal was to arrive at an optimal packaging

design for low power consumption, minimized size and weight, and

maximum reliability. Considerable effort was also devoted to the

basic equipment design, to provide compatibi!ity with optimum pack-

aging. Salient packaging approaches which have resulted from this

program are given below. It should be noted that if the prototype

implementation program were to be deferred, increased consideration

should be given to techniques shown in the column, "Future Approach".

Item

VTT

IF Circuits and

Synthesizer

Digital

I st IF Amplifier

Material

Present Recommendation

TWT

Discrete parts in TO-5,

outboard conventional

components and off-

the- shelf monolithic

flat packs

Monolithic flat packs

in 2-D

Conventional Com-

ponents

Aluminum

Future Approach

Amplitron

Multichip & Mono-

lithic flat packs
in ICM

Monolithic flat packs

in ICM

Thin film

If weight becomes

more critical,

magnesium is

recommended

7-74a



Item

Reliability

Present Recommendation

LVPS Redundancy

Future Approach

Additional selected

redundancy as

described in

paragraph 7.3. 3.4

7.5.3. Z Summary - This Final Report on the Study of Packaging of AROD

Vehicle-Borne Equipment was prepared by the Communications Sys-

tems Division of RCA under Contract 8-11526-3 to Brown Engineering

Company, Inc. The stated objectives of this program were to mini-

mize size, weight, and power consumption of the vehicle-borne

equipment and to achieve maximum system reliability. Within

this framework, primary effort was devoted to the incorporation

of microelectronics techniques for the reduction of size, weight,

and power consumption; enhancement of reliability; and the con-

sideration of selective redundancy to further maximize system

reliability.

The packaging study has resulted in a tentative design which incor-

porates microelectronics techniques together with selective redundancy

in the dc-to-dc converter. The recommended design, shown in the

block diagram of Figure 7-i, is detailed in this report through nar-

rative, graphical, and tabular descriptions. In each area of the

design, available alternatives were carefully weighed; the resulting

decisions together with their reasons are presented. The major

criteria used in the evaluation and selection of microelectronics

techniques and devices were:

I. Availability for early hardware implementation into flight

•prototype equipment to be delivered in early 1965.

2. Power dissipation.

3. Weight and volume of the resulting functional packages.

4. Reliability and confidence in reliability estimates.

5. Circuit electrical performance.
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6. Present and projected cost factors.

7. Possibility of later incorporation of devices that currently

exhibit low reliability confidence (e. g. amplitrons).

Major performance parameters for each of the functional units and

for the total package are presented in Tables 7-2 and 7-3, for the

2-dinaensional (all components mounted on printed-circuit boards)

and 3-dimensional (integrated-circuit modules) configurations. The

selected approach is 2-D (Table 7-2). As the tabulation shows, the

total weight and volume are in excellent agreement with the estimates

presented in the AROD Packaging Study Proposal. The heat dissi-

pation is approximately one-third higher than the initial estimate.

This discrepancy is not excessive, and is largely a result of the

fact that the complexity of the Digital Section was greater than esti-
mated.

Integrated Circuit Packages (ICP's) were selected using the basic

criteria listed above. Monolithic silicon chip circuits generally

offer reliability advantages over the discrete chips, but were selected

only where they are off-the-shelf items. Monolithic circuits are

used in the digital area, where they are readily available and offer

more confidence in reliability than do the discrete chips. In the

analog area, 366 circuits are readily available in monolithic form.

The remaining ?67 circuits in the analog area use discrete chips,

since monolithic circuits to fill these functions are of limited availa-

bility and would require excessive delivery time. The discrete

chip circuits are used in the Vehicle Tracking Receiver and the

Synthesizer for the reasons given above; however, these circuit

configurations are selected for later adoption of monolithic circuits,

when they become available.

In the next level of packaging, consideration was given to the use of

2-dimensional (all components mounted on printed circuit boards)

versus 3-dimensional (integrated circuit modules) packaging. This

area was subjected to very careful and detailed analysis, as discussed

in this report. The recommendation was made to use only 2-dimen-

sional packaging for the prototypes, primarily because of the imple-

mentation time required for integrated circuit modules (ICM's).

Transition from 2-dimensional packaging to ICM's for subsequent

AROD models has been projected, and should be considered for

subsequent models to improve reliability and reduce size and weight.

This report states specifically the areas where later modification

should be considered, and describes what would be involved in such

modification.
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ABSTRACT

This is the final report for the Airborne Range and Orbit Determination

(AROD) Design Study performed under Contract No. NAS8-11526 for the

National Aeronautics and Space Administration. It discusses the analyses

and decisions involved in the evolution of the final Design Study Model

and describes the overall AROD system and its subsystems. The results

of the laboratory and aircraft flight test programs are presented and a

complete index of all documentation is given. The entire study is sum-

marized and evaluated in terms of the definition of the system design

suggested for the next phase of the program.

Approved:

Ha_. Crews, JVr. "

AROD System Manager
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SECTION 7.0 - IMPACT OF DESIGN STUDY

7.1

The results of the Design Study are used to derive the suggested system

design described in Section 8.0. The results and the reasoning processes

are discussed in the following order:

a. System

b. Vehicle Subsystems

c. Transponder Subsystems

d. Components

e. Packaging

System

The proposed system configuration differs from the Design Study Model

in the following aspects:

lo

2.

3.

4.

5.

6.

7.

8.

9.

I0.

II.

12.

13.

Tracking link modulation

Range tones

Frequency synthesis
Command link

Acquisition technique

Demodulation of fine range tone in the VTR

Phase-locked loop design

Power amplifiers

Velocity sign determination

Doppler multiplication

Interface problems

Interference problems

Operational procedure

Tracking Link Modulation

Design Study Model

Downlink - Phase modulation was chosen for the downlink for the

following reasons :

, The double sideband phase-modulated signal allows

large phase errors (4-15 °) to be tolerated by the

carrier phase-locked loop in the Transponder Tracking

Receiver. The phase error of the carrier loop is

not transfered to the range tones in the demodulation

by virtue of the double sidebands.

The final amplifier in the Vehicle Tracking Transmitter

can be operated in the more efficient Class C since a

linear system is not required.
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. A submultiple of the carrier can be phase modulated

and then multiplied by the proper multiple (32 has

been selected). This allows a small modulation

index to be used and results in good modulation

linearity.

Angle modulating a carrier simultaneously with two or more (range)

tones produces not only the frequency components that would result

from individual modulations, but also cross product J terms of

the Bessel function at the sum and difference of modulating frequencies

(see page 581 of Radio Engineers Handbook, by F. E. Terman, 1943,

McGraw Hill).

Since the tracking receivers use synchronous demodulation of

range tones (phase locking to individual tones), these cross product

frequency components must be classified as undesirable frequency

components in the AROD system. They waste transmitter power,

and appear as interference or spurious sidebands on the demodulated

range tone outputs.

Uplink- Bandwidth conservation was given primary consideration

in the design of the uplink modulation. For this reason, AM

single sideband (with carrier) modulation, as opposed to angle

modulation, was selected for the Transponder Tracking Transmitter.

Some of the factors given consideration in the spectrum design are

discussed below.

Spurious Signals Must be Down 45 DB - The four channel Vehicle

Tracking Receiver receives signals simultaneously from four trans-

ponders. The vehicle may be at minimum range with respect to

one transponder while acquiring another transponder on the horizon

(at maximum range). This range differential between transponders

dictates that spurious signals, either from the transponder or gen-

erated within the Vehicle Tracking Receiver, must be suppressed

45 db such that the spurious signals of a near station falling in the

receiver passband of a distant station will be below the desired

signal 20 db. This 25 db differential in received signal strength

is due to path loss only; it does not include losses due to multipath

or antenna lobing.

Spectrum Interlace to Minimize Bandwidth - Due to the relatively

large frequency separation between a carrier and its range tone

sidebands, it appeared feasible to interlace the spectrums of the

Transponder Tracking Transmitters to minimize the bandwidth of

the composite spectrum. A computer Study (page 4-180) was per-

formed to select frequency separations, with particular attention

given to the intermodulation signals of one channel falling in the

passband of another channel. No conclusive results were obtained

from this study due to the sheer number of spurious signals and

their doppler shifting.
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Single Sideband Signals and Device Non-Linearity- Analysis

(page 4-128) indicated that single sideband signals have sidebands

from cross-modulation products which occupy a major portion of

the frequency band required by an angle-modulated signal. The

magnitude of the cross-modulation or intermodulation products is

a direct function of the degree of non-linearity (of the power-output

versus power-input curve) of the devices used in implementing the

transmitter. Therefore, one of the major goals of the Design Study

Program was to experimentally determine the degree of non-linearity

of applicable devices and to evaluate techniques for reducing the

degree of non-linearity.

The Transponder Frequency Translator of the Design Study Momel

contains a phasing type of single sideband (with carrier) generator,

with an output spectrum at approximately 80 mHz. A "strip-line"

mixer is used for upconverting the spectrum to S-band, with its 10

milliwatt output driving the power amplifier of the Transponder

Tracking Transmitter. The Dower level and the freauencv of

spurious output signals were measured (in the Laboratory Test Program)

and are tabulated on pages 5-I16 and 5-i19. The experiment revealed many

spurious signals, well above the -45 db specification: 7 were only

15 to Z0 db down, i0 were 20 to 30 db down, 9 were 30 to 35 db

down, 5 were 35 to 40 db down, and 7 were 40 to 50 db down. These

results were for carrier and only two of the four ranging tones.

The stripline mixer used in the Transponder Frequency Translator

represented near state-of-the-art design, and analysis of the pro-

blem by the manufacturer of the mixer indicated that no significant

improvement in performance could be achieved with conventional

rather than stripline construction techniques.

Thus it appears that the problem of maintaining low spurious

outputs is most severe with this type of output spectrum. Major

breakthroughs in design of both the phasing type of ssb generator

and the S-band high level mixer (I0 milliwatts output) would be

necessary to achieve the desired 45 db suppression of spurious

output signals while still maintaining the desired low (i to ? degrees)

phase error on the fine range tone due to different doppler frequency
shifts.

A study was conducted to select an S-band power amplifier for use

as the Transponder Tracking Transmitter. The study revealed

that available power amplifiers must be operated at approximately

10% of their rated output power to be on the linear portion of their

output versus input power curve. Hence, a one kilowatt klystron or

TWT would be required to provide the desired i00 watts of output

power.

The excessive power consumption of kilowatt power amplifiers

magnifies the problem of providing a primary power source for

remote and unattended transponder stations.
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To determine what degree of linearity was possible, a 10 watt

ceramic triode cavity power amplifier was tested in the laboratory.

The two-tone intermodulation test was performed at varied input-

power and operating points. The test results tabulated on page 5-32

show the 3rd order intermodulation products varied from -17 db to

-27 db, well above the required -45 db specification.

Two techniques for generating high power (10 watts) single sideband

spectra with low intermodulation distortion were evaluated analytically

and experimentally.

The first technique consisted of plate-modulating a power amplifier

with the same signals that phase modulated the input carrier. Ex-

periments revealed that plate modulation of the amplifier produced

phase modulation as well as amplitude modulation. A PM index

greater than one was obtained by varying the amplifier's plate

voltage with a modulating signal. This phase modulation rendered

the technique unsatisfactory; the phase relationship of the modulating

signal could not be controlled completely since the PM and AM in

the amplifier were relative.

The second was a negative feedback technique. A power amplifier

was driven by a SSB spectrum. The output of the amplifier was

demodulated and compared to the original modulation signals.

The difference signal was added to the input to the amplifier. This
technique obtained an approximate 6 db reduction in the intermod-

ulation distortion components of the output spectrum. It was decided

that the improvement achieved would not justify the additional

equipment complexity.

7.1.1.2 proposed System - The proposed system employs wide-angle

modulation. This change was suggested by the problem in the Design

Study Model of obtaining the proper power distribution in the spectrum

with the narrow-angle technique and by the greater interference rejection

of wide-angle modulation. The susceptibility of an FM Signal to inter-
ference decreases as the modulation index is increased.

The FM improvement over AM, in the presence of thermal noise, is

well known, and the low susceptibility of large index angle modulated

signals to multipath effects was demonstrated in a study reported by

Sollenberger. 1 A modification of Sollenberger's analysis shows a low

Sollenberger, T.W., "Multipath Phase Errors in CW-FM Tracking

Systems."IRE's Transactions on Antennas and Propagation; October 1962.
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7.1.2

susceptibility to interference by intermodulation products and other

types of extraneous signals as well.

Threshold problems with wide angle modulation have been reduced by

"FM feedback" (FMFB) demodulation techniques. See 8.0 for a discussion

of the demodulation for the TTI% and VTR.

Range Tones. The frequency of the high frequency ranging tone (fz) is

influenced by three factors. They are the relationships between the

tone frequency and

1. the rms range error due to receiver thermal noise,

2. the threshold signal-to-noise ratio and

3. the range errors due to fluctuations in the transit time

of signals through the receivers and fluctuations in the

baseband phase shifts.

Items 1 and 2 were found to improve as the modulation frequency is

decreased, but the transit time fluctuations increase as the modulation

frequency is decreased.

If the frequency of the precision ranging tone of the AROD system has

a frequency fl., the uncertainty, A r, in a range measurement is given

by

A r
c80

4 Irfz (7. I-I)

where

5 O = uncertainty in the measurement of the phase of the

ranging tone and

c= velocity of light.

For large values of signal to noise ratio, S , (referred to the bandwidth

N

B l of the filtered range tone) the rms phase error due to receiver thermal
noise is

(5 e) _ 40.5 degrees•

rms (S/N)z I/2 (7.1-2)

The resulting rms uncertainty in range is

c 40.5

(6r)rms - 47 fz (S/N), 1/Z (7.1-3)
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Let the effective modulation index of the f i tone be m

noise ratio for the filtered base band signal is

(S/N)l= m12 S

No BI

; the signal to

(7.1-4)

where N O is the noise power density referred to the same point as the

signal power. Assuming that the received signal must completely occupy

a fixed bandwidth, Brf, one can write the approximate expression,

Brf = Z (l÷m 1) fl (ml> 1) (7.i-5)

Or

m 1 = Brf/2 - fi (7. 1-6)

fl

If ml, as given by(7. 1-6), is substituted into (7.1-4) and if the resulting
S

expression for -N-1 is substituted into Equation (7. 1-3), one obtains

(6r) rms = c . 40.5 (fl - Brf/4)

4--_ Brf/2 - fi%/S/N0 BI (7. i-7)

where

Brf= RF bandwidth at the signal frequency,

c = Velocity of light and

BI= Closed loop bandwidth of phase lock loop locked to fl•

To derive this equation, one assumes that the bandwidth of the tracking signal

must have a total bandwidth of Brf and, therefore, that the modulation index

increases as the modulating frequency decreases, to keep the bandwidth con-

stant. For a very low modulation frequency, the modulation index is very high

and the signal-to-noise ratio at baseband (if the receiver is above threshold) is

very large. On the other hand, the range error resulting from an error in the

phase of the range tone is large. Observing the form of the equation, one notes

that the effects of increasing the signal-to-noise ratio are almost offset by the

effects of phase noise upon the rms range error. As the modulation index in-

creases from 1 to a very large number (modulating frequency decreases from

Brf/4 to a small number), the rms range noise changes only by a factor of 2.

Nevertheless, the smallest range error due to receiver noise is obtained for a

large modulation index and small modulating frequency.
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As noted previously, the feedback loops of the proposed receivers pass

only the noise contained in very narrow bands about each range tone and

the noise effects in the feed-forward loop, rather than in the feedback

loop, will produce the thresholds of the receiver. The "open loop thres-

hold" is, to a large extent, determined by the bandwidth of the tF ampli-

fier preceding the discriminator. If the modulation index is compressed

to a value of near unity, by the mixing of the local oscillator and the in-

coming signal, the IF filter bandwidth could, in principle, be made equal

to about 4 fl. A low frequency for fl results in a narrow band IF and a

low value of S/N for the threshold. Practically, the bandwidth of the IF

cannot be reduced below about 0.1% of the IF center frequency; therefore,

the threshold can be reduced by lowering the frequency fl only so long as
4 fl is greater than 0.1% of the IF center frequency.

Although reducing the high resolution tone frequency and the IF bandwidth

does reduce the threshold, reducing the IF bandwidth increases the

group delay of this section of the receiver. Fluctuations in time delay due

to thermal and aging effects are generally assumed to be a certain percentage

(0.1% has been suggested) of the total time delay. Allowing for some un-

certainty in the actual magnitude of the fluctuation, one can find a basis

for a lower limit of 150 kHz for the frequency fl-

The final factor affecting the selection of the frequency fl is the fluctua-

tion in baseband phase shifts. In any part of the system where the range

modulation is being processed as a baseband signal (no carrier), phase

shifts are introduced into the modulation (non-real input impedance,

distributed inductance and capacitance, etc. ). Initially, these phase

shifts are compensated when the system is calibrated, but aging of com-

ponents and thermal fluctuation produce changes in the phase shifts.

The properties of these fluctuations are poorly understood at present,

but evidence suggests that percentage of phase shift drift is greater at low

audio frequencies than at higher frequencies.

The choice of the ambiguity resolution tones can be made by choosing

the frequency ratio f_/fz such that reliable resolution is achieved. The

test results of the Design Study Model show that it is possible to resolve

with a ratio of 32 under all but the worst signal conditions. Due to com-

ponent limitations {spurious signals from the transponder and noise effects

internal to the range unit), it was not possible to make a definitive test

of resolution reliability versus signal dynamics. The results obtained

do indicate that reliable ambigiuty resolution with a ratio of 32, if possible

at all, would require extremely careful design. A frequency ratio of 16

is suggested for the next system.
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7.1.3 Frequency Synthesis = The analog frequency synthesizer in the vehicle

portion of the Design Study Model performed quite satisfactorily in the

test program. No requirement for change exists for performance reasons.

However, the packaging study results indicate the need for change to a

technique more applicable to miniaturization. For this reason, applica-

tion of digital synthesis techniques is suggested where possible.

One problem did occur in the generation of the modulation tones from

the range tones. This generation involved a parametric "divide-by-two"

circuit after the reference and transmitted tones are separated. The

division process has a + 180 ° phase ambiguity. This problem has been

eliminated in the suggested system.

A design requirement for the transponder was a frequency scheme

which would allow changes in the input or output carrier frequency

{in minimum increments of 585.5 kHz) without major redesign.

The receive-transmit frequencies were not to be limited to a

particular ratio or offset. This design requirement was considered

necessary because of the likelihood of changes in the AROD radio

frequency allocation.

The frequency synthesis technique implemented in the Design

Study Model Transponder was the source of a majority of the

difficulties experienced in the test program. The transmitted

carrier and the receiver's local oscillator signals were syn-

thesized from a very low frequency - I. 171 mHz. (This signal

was obtained by division of the 28. 104 mHz VCO which is

phase-locked to the received carrier, see Figure 3-22, page

3-62.) Multiplication of the I. 171 mHz signal to 2170 mHz and

89 mHz to generate the first and second local oscillator signals

produced many apurious signals, some of which were multiples

of the received fine range tone frequency, 2. 342 mHz. This

resulted in the fine range tone loop showing phase lock when an

unmodulated carrier was being transmitted, phase perturbations

of the fine range tone loop when the loop was locked to the in-

coming signal, and extreme care required in the alignment of

the multiplier and filter sections of the receiver.

The frequency synthesis technique based on sub-multiples of the

fine range tone (i.e., dividing down to a very low frequency and

multiplying back up) provides a maximum of frequency change

capability, but this much flexibility is not required to satisfy

the frequency change capability. The design problems it presents

are severe and the equipment is too complex (alignment of filters

too delicate, etc.) from a reliability standpoint. A simpler

technique is recommended in the proposed Transponder Tracking

Receiver, Figure 8-15, page 8-59.
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7. 1.4 Command Link (VCT Modulation & TC/DF Receiver Design) - The

command link in the Design Study Model utilized "switched PCM/FSK"

modulation. The non-return-to-zero bit stream of the command

messages selected one carrier frequency for a binary one, and another

for a binary zero. This modulation worked satisfactorily for the

command function, but created problems in the acquisition-aiding and

direction-finding functions of the TC/DF Receiver.

The TC/DF Receiver was designed to phase-lock to the "one's"

frequency only such that a sequence of several zero's in a command

message would cause aloss of phase-lock (see page 5- 166). This

resulted in a serious frequency error in the acquisition-aid output

to the Transponder Tracking Receiver.

The TC/DFReceiver AGC is developed on signal only. Therefore,

its gain and noise output will be a maximum for low input signal-to-

noise ratios. Under these conditions, the direction-finding outputs

will be quite noisy since we are comparing the amplitude (for ele-

vation) and the phase {for azimuth) of two independent noise sources --

_h= ==**__.,,_=_,:....... ...c,u^....t;;'ochannels of the TC/DF Receiver. This

would lead one to believe that a CW signal rather than a pulsed

signal would be more suitable for the D. F. functions as we may more

readily obtain long integration times for a CW signal.

The dual channel implementation of the direction-finding functions

of the TC/DF Receiver {shown in Figure 3-34, pg. 3-82) presents

certain problems.

In the receiver design area, particular attention must be paid to

matching the following characteristics of the two channels:

i° Pulse response - matching the amplitude and phase

characteristics of the band-pass filters, etc.

Z. Gain versus AGC

° Phase detector balance in the azimuth determination

circuitry.

The limiter in the Eab channel must operate over a 40 db dynamic

range of input signal strength without phase shifting the signal it

provides the azimuth phase-detector. This large dynamic range

(not present in the E r channel) is due to the variation in the Eab

signalwith elevation angle: from 2.5E volts to zero volts, horizon

to zenith.
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The elevation determination by amplitude comparison (E r . Eab )

requires that the gain, noise characteristics, and pulse response of the

two channels of the receiver be closely matched. At large elevation

angles (near the horizon), the elevation output approaches zero

amplitude; see the "E r Eab" column of Table 3-2 on page 3-86.

As most of the aircraft flight test program was performed at large

elevation angles, no useful information was obtained on the per-

formance of the elevation determination circuitry -- the wideband

(pulsed) output was obscurred by noise. NOTE: Synchronous

matched-filter detection was not implemented for the D. F. outputs

due to the added equipment complexity. Rather, the wideband

pulsed outputs were recorded directly on an oscillograph.

Theoretically, the elevation determination is ambiguous with

respect to azimuth {see Figure 4-17, page 4-30) for elevation

angles greater than 50 degrees. This ambiguity may be resolved

by use of the azimuth outputs at the expense of added system

complexity.

Experimental results confirmed the analysis of the azimuth deter-

mination technique. Due to the definitions and guidelines of the

Design Study Program, no temperature compensation was employed

in the TC/DF Receiver, nor were any calibration stability tests

performed. Also, the "commutated-antenna" D. F. technique

with single-channel receiver was not investigated.

The suggested system design resembles system A3 which was analy_ed

on page 4-13. The command information is modulated on the carrier

in the form of two sub-carrier oscillators with a modulation index

chosen to obtain a power distribution containing a relatively large
1 1

carrier component (_ to _ of total power).

To conserve vehicle primary power, the Vehicle Command Trans-

mitter is turned off between messages, and is turned on without

modulation for a short period of time prior to commands to promote

rapid signal acquisition by the TC/DF Receiver.

The suggested system design as described in Section 8 of this report

does not solve all the problems discussed.

The elevation determination is still ambiguous at large elevation

angles (near the horizon). It is also an amplitude comparison be-

tween two small wideband (pulsed) signals, although the synchronous

matched-filter detection (a gated lowpass filter that is sampled at

the end of each bit) may improve the noise performance at large

elevation angles. It would be more desirable from an equipment

design standpoint to devise an elevation determination technique

that does not depend upon an amplitude comparison.

7-10



7.1.5 Acquisition Technique - Though the down-link acquisition technique has

proven satisfactory when an accurate signal is received from the command

receiver, one characteristic should be changed in the down-link acquis-

tion procedure. The voltage used to switch the TTR from acquisition

loop to main loop operation should require that the TCR be locked to an

incoming signal as well as the TTR VCO locked to the TCR VCO. With

this addition and the change in command modulation suggested above, the

carrier acquisition for the down-link should be satisfactory.

The wide angle modulation with compressive feedback presents some

problem in acquisition of the modulation. See Section 8.0 for a further

discussion of the possible approaches.

The up-link acquisition technique proved satisfactory, to the extent that

it was implemented, No means for removing the doppler preset was mech-

anized other than the abrupt transition when the switching occurred in

the TFT. The suggested technique involves

i. quantization of the doppler frequency at the transponder

digitally,

2. _ransmission of the doppler count in the word with the site

identification code and

. use of the decoded cou**_ _, board to Fre=o+ +h_ VTR VCO for

the last phase of acquisition. (This technique still requires

extremely good stability in the offset oscillator of the doppler

reverser.)

7.1.6 Demodulation of Fine Range Tone in the VTR

Two techniques were considered for demodulation of the fine

range tone in the Vehicle Tracking Receiver. One technique

uses two phase-locked loops, one for the carrier and one for the

fine range tone component of the 2nd IF amplifier's output spectrum,

mixing the two VCOs to produce a baseband fine range tone. The

second technique is product demodulation or square law detection

in which the output of the Znd IF amplifier is applied to a diode

detector (see Figure 3-15, page 3-38).

The advantages and disadvantages of the two techniques must be

considered. The I=LL technique will provide excellent receiver

sensitivity, but the phase errors of the phase-locked loops (due

to signal dynamics) will be a source of error in the range measure-

ment. By use of a "modified third order loop", this error may be

much less than 5 degrees. The amount of phase error depends of

course upon the signal dynamics of the two loops and the loop design

parameters.
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The product demodulator preserves the differential phase rela-

tionship between the two signals and does not introduce phase

errors, but it seriously degrades the signal-to-noise ratio for

low input signal levels, e.g. low input signal-to-noise ratios.

This is due to the noise-to-noise cross products in the mixing

action. For analysis of this effect, see page 4-229. Graphs

of the relationship between input and output signal-to-noise ratios

are plotted on pages 4-235 and 4-236. Also, the output signal

level {fine range tone output from detector) varies over the

dynamic range of operation. This can be overcome by the use of

a separate AGC control on the fine range tone output. The im-

plementation of such an AGC would not be difficult, since the

correlation detector output of the phase-locked loop used to filter

the fine range tone provides an AGC control voltage.

The technique selected for implementation will depend upon the

application and the relative performance of the two techniques

(as per the particular circuit designs considered). A trade-

off analysis must also consider such factors as phase accuracy

and sensitivity required, the noise figure of the receiver, size,

power consumption, and circuit complexity (in consideration of

reliability requirements).

7.1.7 Phase-locked Loop Configuration - The unit tests on the TTR, TCR, and

the VTR show a distinct advantage in using third order loops rather than

second order loops. The VTR (which uses a third order loop) results

(See 5.2.5) show very little phase error in the loop. The TTR and TCR

with second order loops, show considerable phase error during maximum

signal dynamics (See 5.2.10, 5.2. ll, and 5.2. 15). While all three receivers

do track reliably under all signal conditions expected, the larger phase

errors in the second order loops make the loops more susceptible to loss of

lock due to severe multipath, signal fade, and noise spikes.

The phase lock loops of the Vehicle Tracking Receiver are a

"modified third-order" design using a passive and an active

lead-lag filter network in series.

The passive section consists of R-43, R-44, and C-28. The

input to this section comes directly from the phase detector.

The output goes to the positive input of A- 1, a Philbrick Model

PP65A operational amplifier in the active filter.

The active filter consists of the differential amplifier A-l, a

capacitor C-26, and a resistor R-45. The output of this filter

section goes through R-81 directly to the VCXO.

By separating the break frequencies of the active and passive filters

in the loop, a considerable gain in loop stability is obtained with

only a slight degradation in performance.
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A lowpass filter with a relatively high break frequency is formed by

R-81 and C-32. The break of this filter is high enough that it is

essentially out of the circuit so far as the loop filter is concerned.

However, it is effective in reducing the tendency for the loop to

lock onto artificially generated sidebands.

R-43

II0 K_2

R-44 q

I. 6 K_2 i

C-28

15 ixf

To GND

Return

of PSD

R-81

200_
 AAA,

v To VCXO!
1 _f

_ R-45

> 51I_

7..i.8

7.1.9

7.1.10

Power Amplifiers - The use of high gain power stages, such as TWT's,

is suggested for both the VTT and TTT. The cavity amplifiers in the

Design Study model have proven unsatisfactory from considerations of

efficiency, reliability, and stability. This is discussed further under

both components and subsystems in this section.

Velocity Sign Determination - The polarity of the control voltage to the

VCO in the tracking loop is not an accurate indication at low velocities

due to the drift in nominal frequency of the VCO. The suggested method

employs a bias frequency greater than the maximum doppler frequency.

The exact value of bias frequency is determined by the frequencies chosen

for the doppler mixing process. The frequency is counted as in the

present system and the correct doppler readout (value and polarity) provided

by subtracting digitally a number representing the bias frequency from a

number representing the frequency counted.

Doppler Multiplication - The doppler multiplication used in the present

system has proven quite satisfactory. The accuracy is not degraded as

the signal level approaches the sensitivity of the receiver. Some diffi-

culty was experienced at very low doppler frequencies. The use of a

multiplication factor of 16 rather than i0 is suggested to increase the

resolution of the count. The use of a bias frequency as suggested pre-

viously will eliminate the problem at low doppler frequencies.
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7.1.11

7.1.12

7.1.13

7. Z

7.2.1

Interface Problems - The present system has shown the need for special

attention to interface problems between units, particularly the interfaces

of the analog and digital units. Worst-case design should be used for

loading and noise effects. Extensive use of buffer amplifiers should be

made. An integrator should be used on the output of control signals which

are generated in the analog units and are routed to digital units.

Interference Problems - The problems encountered in the Design Study

Model show the necessity for very careful design to eliminate the genera-

tion of spurious signals in increments of range tones around each dosi_ed

signal. This problem is commonto almost every subsystem.

The digital units particularly have suffered from insufficient filtering and

decoupling of power leads. The VREU offers a particularly critical

area of design to minimize susceptibility to RFI.

Operational Procedure - The operational ,procedure in the present system

has been satisfactory except for

1. the acquisition problem with the pulsed command,

2. the last stage of acquisition (removal of the doppler preset) and

3. the possibility of an up-link lock condition without a down-

link lock.

The first two areas have been discussed in this section previously. The

third area indicates the desirability of a positive indication of two-way

lock at the vehicle. The requirement for positive indication was not

apparent until the flight tests were started and, therefore, no means to

achieve this have been investigated or included in the suggested system.

The locked condition can be determined from the phase-locked loops in

the TTR (by correlation detectors, if necessary). With this information,

the TCL can inhibit or modulate one or more of the tones when lock is

lost.

Vehicle Subsystems

The impact of the Design Study on each of the vehicle subsystems is dis-

cussed. Each discussion includes

I. description of any conceptual weak points or failures in

the subsystem,

2. evaluation of test results except where the conclusions are

obvious and

3. description of the modifications made to each subsystem.

Vehicle Master Oscillator/Frequency Synthesizer - The only conceptual

weakness in the unit is a system consideration which has been discussed

in 7. i. The "divide-by-two" circuit in the circuits which generate the

modulation tones allows an ambiguity in the range readout.

7-14



7.2.2

The test results showed that, at one of the outputs, one spurious signal

was 46 db down rather than the -50 db specified. All others were well

below the requirement. ,Another test result is that bosh units exhibit an

excessive constant rate of frequency drift downward. N0 improvement

was seen in aging rate with time (several months). Some effort should

be made to reduce the rate of change in the next model.

The modifications to the unit included the addition of an output to one

unit at 58.55 IVIHz for the test set. A small trimmer capacitor was

added to allow finer tuning of the master oscillator frequency. The

fixed capacitor in the oven was changed two times to compensate for

the downward drift of the oscillator. Some minor troubleshooting and

repair of solder joints and terminals was required.

Vehicle Command Lo$ic - Laboratory tests for the VCL indicated that

the unit could be relied upon for satisfactory operation during the air-

craft flight test program. A digital test set built especially for the VCL

was used to check each logic function required of the unit. Operational

tests were made with extreme v=:i=Liu_-_ in powcr supply voltages zt

15°C, 27°C, and 40°C.

These tests demonstrated that the VCL performed all functions as re-

quired over the extreme operating conditions. However, a considerable

number of flip-flop failures were encountered at the higher operating

temperature. It was found that the design of the trigger input circuit of

the flip-flop was too critical for AROD brassboard applications. This

resulted in a requirement that the flip-flop transistors be matched or

that the trigger input capacitors and cross coupling capacitors be in-

creased in value. The latter correction was less expensive and was

incorporated as required.

An interface problem between the VTP_ binary outputs and the VCL was

encountered during the vehicle system laboratory tests. The inputs to

the VCL were extremely noisy when the VTR was out of lock, and the

DC level of the binary words shifted as much as one volt with different

messages when the VTP_ was in lock. The noise problem was eliminated

by inhibiting the input circuits in the VCL during times when the VTR was

out of lock. The changing DC level was corrected by use of a positive

diode clamping circuit within each input Schmitt trigger of the VCL.

More difficulty with the digital modules was encountered during the air-

craft flight test program. There were several hard freezes at night with

considerable warming during the day. These temperature variations

caused many solder joints on the printed circuit cards to crack and lose

conductivity. After the faulty joints were located and repaired, the VCL

operated as required for the duration of the flight test program.
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7.2.3

7.2.4

7.2.5

Vehicle Command Transmitter - No weakness in concept has been dis-

covered in the VCT. Component development has now made it possible

to build a more efficient unit by using all active multipliers rather than

the varactor doubler in the output.

The FCT was built and tested only as a supplement to the system. The

test results showed that the unit would operate satisfactorily in the test

program.

No modifications were required during the test program.

Vehicle Tracking Transmitter - The VTT has performed satisfactorily

through the test program. No weakness in concept has been discovered.

Of the test results, those of the phase shift measurements are the most

significant. The variation in phase shift with drive level indicates that

careful attention must be given to amplitude stability of the drive signal.

The variations in phase shift with frequency are not meaningful directly,

but do give an indication of how temperature might affect the phase shift

by shifting the bandpass characteristic of the transmitter. The phase

shift versus temperature test shows an extreme dependence at case

temperatures approximating the operating temperature of the transmitter.

The control of the factors mentioned above will certainly be a determin-

ing factor in whether or not the design goals for accuracy can be met in

the next model.

Two units of the VTT were supplied for the test program. All work was

done using one unit. Though the second unit had an intermittent condition

which made it unsatisfactory for general use, it was used in some lab-

oratory tests. The one transmitter performed satisfactorily through the

test program. No modifications were made to either unit.

Vehicle Tracking Receiver - The carrier portion of the VTR was quite

satisfactory. The demodulation and filtering of the tones was not com-

pletely satisfactory. The first demodulation limited the sensitivity of

the receiver due to the "noise-to-noise" products in the product detector.

A later demodulation did not have sufficient filtering to remove the second

harmonic of one of the input signals from the desired sum signal (the 2.28 kHz

tone).

The test results are notable for the very low loop phase errors caused

by maximum doppler and doppler rate signal conditions. The carrier

loop performed as predicted. The range tone sensitivity was considerably

less than that desired due to the product demodulator used for the first

demodulation. The pull-in range of the receiver was greater than had

been expected and should be quite satisfactory for acquisition purposes
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7.2.6

in the next system. The test for allowable drop-out time without loss

of lock was not meaningful because the receiver was designed to return

to center frequency immediately on loss of signal. The capability

of tracking with long signal dropouts is the most difficult design problem

remaining for the unit, The addition of phase-locked loops for filtering

and the use of coherent demodulation should eliminate the other major

problems in the present design,

The following modifications were made to the unit:

1. Addition of phase-locked loops to extract the 2.28 kHz tone.

2. Redesign of the binary code demodulator to reduce errors

in the decoded messages, (Clipping on noise was causing

an apparent decoded bit.)

3. Change of the carrier loop lock indication from 0 volt to 5 V

to correspond with the logic circuits.

4. Retuning of the filters in the 73 kHz circuits to reduce

insertion los s.

5. Retuning of the "Twin-T" filters in the 2.28 kHz path to

reduce gain and stop oscillations.

6. Addition of an adjustment to each VCO to control the nominal

frequency.

The following are problems which consistently appeared:

i. The VCO's in the unit suffered from excessive short term

frequency instability.

2. The X32 multiplier in first L. O. circuit required periodic

alignment.

3. The square law detector reduced sensitivity and caused

problems with amplitude variations of the demodulated tones

even though the AGC worked quite well in the carrier loop.

4. All the inputs to logic are very noisy when the receiver is

not locked. (Some form of squelch circuit is needed.)

Vehicle Range Extraction Unit - The laboratory test results of the VREU

indicate that the design of this unit is sound but that extreme care should be

exercised in its implementation and integration into the next AROD system.
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Unit laboratory tests showed that the unit worked satisfactorily and that

the propagation delays as a function of temperature of the various

components used were sufficiently small not to interfere with accurate

range measurements.

Considerable effort was required to obtain satisfactory operation of the

unit as a part of the vehicle system. Many cold solder joints were

located and corrected, wires were rerouted and shielded, and some

circuits were partially redesigned to minimize internal noise. Three

weeks of such debugging were required to make the VREU operate

satisfactorily in the vehicle system. With these corrections incorporated,

range readout was stable only within one quarter meter.

The VREU was evaluated in the complete AROD system laboratory test

program. Again, difficulty was encountered in obtaining a stable range

readout. The instability was caused by jitter introduced onto the range

tones in the Transponder Tracking Receiver exciter units. This problem

was evaluated at length by engineers from Brown ]Engineering Company

and from the supplier of the receiver-exciter equipment. It was concluded

that portions of the receiver-exciter equipment would have to be

redesigned in order to meet the jitter requirements necessary to obtain

a stable range read-out from the VREU. As a result, it was decided to

abandon attempts to use the VREU during the aircraft flight test program.

The tight specifications placed on the AROD equipment which generate

and operate on the range tones can be relaxed by incorporating a few

modifications into the present design of the VREU. First, the ratio

between range tones should be reduced. It is felt that a ratio of 16 to 1

is a good compromise. Second, the fine range tone should he mixed

down to a lower frequency before its return to the VREU. This will

reduce the jitter requirement of the fine range tone without compromising

the desired resolution. {See Section 8.0 for a more detailed explanation.)

The noise generated within the VREU can be reduced by carefully planning

the mechanical layout and the interconnection of components and by more

careful design of the digital circuits. The squaring amplifiers, buffer

amplifiers, mixers, and filter amplifiers are particular circuits which

are highly susceptible to noise generation.

]Excessive loading of the logic circuits is another source of trouble in

the present VR]EU which can be eliminated by the proper use of buffer

amplifier s.
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7.2.7 Vehicle Velocity Extraction Unit = The design of the VVEU is good. It

has operated as required during all phases of the test program. The

only addition to the unit has been emitter followers for the telemetry

inte rfac e.

Vehicle system laboratory test results indicated that the velocity

readout becomes less accurate at lower doppler frequencies. This

result was verified in the laboratory by observing the instability of the

multiplied doppler frequency when it dropped below I00 Hr. The bias

frequency method for determining doppler sign will eliminate this problem.

As discussed in Section 8.0, the bias frequency method will offset

received doppler frequencies so that the lowest frequency measured will

be greater than lO0 kHz.

7.2.8 Vehicle Timing Unit - The VTU generated the time references as required

for the test program. There are two problem areas which could be

improved upon for the next design. These are the method used to

synchronize th_ _in,= : ........... :_ _I +;,-_ _o,,_'_e nnd the

susceptability of the VTU to errors due to noise.

The real time source should be decoded external to the VTU. A pulse

from the decoder would initiate the VTU at the desired time.

A straight binary counter should be used as the time accumulator rather

than the pattern generators of the brassboard model. This has the

advantage of economy plus the fact that errors due to noise introduced

into the time accumulator would not be retained as they are in the

present model.

7.3 Transponder Subsystems

The impact of the Design Study on each of the transponder subsystems

is discussed. Each discussion includes

, description of any conceptual weak points or failures in the

subsystem,

evaluation of test results except where the conclusions are

obvious and

3. description of the modifications made to each subsystem

7.3.1 Transponder Tracking Receiver - The transponder tracking receiver

has been one of the most critical items in the test program. One major

problem has been spurious signals at the fine range tone frequency.
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With very careful design, the problem might be reduced to an acceptable
level; however, a better approach would be to use a different frequency
synthesis. The synthesis should not include the fine range tone frequency
or a submultiple thereof as the reference frequency.

The other major problem has been the short term stability required of

the VCO in the carrier phase-locked loop. The receiver configuration

requires that the VCO signal be multiplied to "S" band to serve as a

first local oscillator. The jitter on the multiplied output is increased

by the multiplying factor which requires a very good signal at the input.

The pulling range required of the VCO makes the required short term

stability quite difficult to obtain.

A more conventional receiver such as the VTR is suggested. With the

change to a third order loop, and the use of FMFB, as suggested in 8. 1,

and a different synthesis technique, a completely different receiver will

result.

From the test data, the receiver phase-locked loop has the capability to

withstand the maximum signal dynamics although an appreciable phase

error is seen in the carrier phase-locked loop. The ability to withstand

signal dropouts is not sufficient for system operation. The phase jitter

in the loop, while satisfactory at the beginning of the test program,

deteriorated during the test period to approximately 30 to 40 degrees

peak-to-peak. The differential phase shift with AGC is outside the limits

for system accuracy. The acquisition technique worked well with an

accurate input.

No modifications to the design were made by Brown Engineering. All

interface problems were resolved by modifications to interface equipment.

Some circuit adjustments and troubleshooting were performed by an

engineer from the supplier of the equipment.

7.3.2 Transponder Frequency Translator - The conceptual design of the unit

was sound but the form of the signal (amplitude variations due to the

summing of two signals) made the linearity requirements impossible to

meet. The incorporation of angle modulation on the up-link will

minimize this difficulty in the design. The filtering and shielding

requirements will be reduced by using a digital synthesis for the four

retransmit carrier signals.

The test results show the spurious signal content in the output of the

unit. The acquisition times and acquisition reliability were satisfactory.

The differential phase shift between channels was excessive in considera-

tion of the required system accuracy.
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7.3.3

7.3.4

7.3.5

No modifications were made to the unit during the test period. The offset

oscillator did require tuning to remove excessive jitter. Other alignment

and tuning were performed at different times by an engineer from the

equipment supplier to restore signal levels and reduce spurious content.

Transponder Trackin_ Transmitter - The use of cavity amplifiers in

cascade to achieve sufficient gain to go from a low level drive to a high

power output has proven impractical. The bandwidth required stagger-

tuning which resulted in linearity, phase shift,and temperature problems.

The use of a high gain stage, such as a TWT, is recommended. The

constant amplitude signal recommended for the next system makes the

TWT practical although it would not have been so in the Design Study

Model because of the amplitude modulation form of the signal.

The test results show the degree of non-linearity of the transmitter,

the extent of the phase shift problem, and the sensitivity to temperature.

No modifications were required in the test program.

Transponder Command and Direction Finding Receiver - The command

portion of the receiver worked well, although the pulsed operation made

the design and alignment of the phase-locked loop quite difficult. The

azimuth determination circuits worked to the expected accuracy but the

elevation readout did not function properly. An alternate technique which

doe s not depend on amplitude" should be developed.

CW rather than pulsed operation of the command link should be considered

because of the problems encountered. These are

i. pulsing of DFinformation,

2. PLL alignment and acquisition problems,

3. AGC design and alignment problems and

4. frequency error in the acquisition signal.

The test results indicate azimuth determination to approximately

+5 degrees and elevation deternainationto approximately_ 15 degrees. The

acquisition range, acquisition time, and sensitivity are sufficient for

system operation.

Transponder Command Lo_i.c - Laboratory test results for the TCL

indicated that the unit could be relied upon for satisfactory operation

during the aircraft flight test program. A digital test set built especially

for the VCL was used to check each logic function required of the unit.
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Operational tests were performed on the TCL with extreme variations in

power supply voltages. The variations in power supply voltages did not

affect the satisfactory operation of the unit.

Temperature tests were not performed on the TCL. Information derived

from temperature tests of the VCL was applicable to the TCL since

identical logic circuits were used in both units.

Problems arose between the TCL output switching voltages and their

interfacing units during transponder systems tests. Emitter follower

circuits were built to provide sufficient drive current for the interfacing

switche s.

Another problem was encountered in attempting to tie the demodulator

outputs of the command receiver to the Schmitt trigger inputs of the

TCL. The DC levels of these binary outputs shifted by as much as one

volt with different messages. This was due to AC coupling within the

demodulator. The problem was solved by use of a positive diode

clamping circuit within the Schmitt triggers.

The TCL performed with little difficulty for the remainder of the

laboratory and flight test programs. The only problems encountered

were due to frequent failures in the digital circuits.

7.4 Components

7.4.1 Tunnel Diode Amplifiers - The tests made on the TD amplifiers and

their use in the system during system tests show the device to be quite

satisfactory for use in later systems. A reliability problem was

encountered in the test program, but was considered to be either an

isolated fault or a result of the inadvertant application of excessive

power to the unit. One qualifying characteristic is the saturation level

of the amplifier which is characteristically -38 to -40 dbm for one db

of gain compression. A feature which should be considered is some form

of diode protection, such as a limiter, to avoid diode damage due to

excessive input power. Tunnel diode amplifiers are recommended for

further use.

7.4.2 Cavity Amplifiers - Test results show that triode cavity amplifiers at

this frequency are relatively low gain, narrow-band devices with stability

problems under temperature extremes. The linearity at full output was

not sufficient to meet system requirements with the Design Study Model

up-link modulation. The differential phase shift with temperature
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7.4.3

7.4.4

7.4.5

variation is not compatible with the accuracy requirements of the system.
The overall efficiency of a system using a cavity amplifier would not
compare with a system using a high gain output stage, such as a TWT
or amplitron. Cavity amplifiers are not recommended for further use.

Tunnel Diode Mixer - The test results for the tunnel diode mixer do not

show a significant advantage over crystal mixers. Operation at very

low L. O. levels was possible only with a sacrifice in noise performance.

The noise performance at best was only competitive with a crystal mixer.

The small conversion gain available in the TD mixer offers some

advantage, but is outweighed by the differences in proven reliability of

the TD and crystal mixers. Tunnel diode mixers are not recommended

for further use.

Crystal Filters - Crystal filters, for use in IF strips as comb filters and

for filtering of the demodulated tones, have proven to be sensitive to temp-

erature variations and not particularly rugged. In addition, they are not

amenable to miniaturization. The use of c_ystal filters with very narrow

passbands is not recommended for further use.

RF Bandpass Filters - Tests have shown one problem with the filters

used in the Design Study Model tracking receivers. The phase shift of

the filters is sensitive to temperature variations. Design incorporating

temperature compensation and using a different material (such as Invar)

should reduce the problem to an acceptable level. The cavity filter design

should not be rejected, but other types of filters should be investigated.

Packaging

Int roduction

The AROD design study model hardware was implemented with "off the

shelf" components and circuit designs, where possible, with minimum con-

siderations given to size, weight, power requirements and reliability in

order to get a design study model together and evaluated in a short time

and at minimum cost. Due to the expected short prototype development

time, it was necessary to supplement the design study model effort with

packaging studies of the AROD vehicle-borne equipment in order to obtain

realistic guidelines of these parameters and to detern_ine the applicability

of microminiaturization techniques to subsequent AROD development pro-

g ranxs.

This section presents abridgements of the packaging studies and a summary

of results obtained from parallel study efforts performed by Radio Corporation

of America, Communications System Division, and Motorola, Inc. , Military

Electronics Division under Brown Engineering contract nun_bers 8-I15Z6-3

and 8-11526-4 respectively.
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7. 5.2 Summary

Table 7-1 presents a tabulated summary of the major design para-

meters considered in the packaging studies performed by RCA and

Motorola on the AROD vehicle-borne equipment. The system analyzed

is basically that described in Technical Note S-I, "AROD System

Description", Revision i, dated January 31, 1964. The redesign of

the concepts associated with the system was specifically excluded

from the work to be accomplished; however, certain internal modifi-

cations were allowed where a clear advantage in size, weight, power

consumption or a significant improvement in system performance could

be realized.

Some significant differences in the results obtained by RCA and

Motorola can be noticed in Table 7-1. These differences are primarily

due to the more conservative approach pursued by Motorola in the per-

formance of the packaging study. The wide divergence in the reliability

(MTBF) is primarily a result of the basic difference in the part failure

rates used. The difference in the budgetary estimates of development

costs can be attributed to the degree of microminaturization employed

and the difference in packaging density.

No. Cold Plate Total Total Total

Boxes Area (in z ) Volume (in 3 ) Weight (ib) Power (watts)

RCA (2-D)I 4 257 762 35 103

RCA (3-D) z 3 190 560 29 103

Motorola (3-D) 3 350. 6 1500 62.6 146. 0

MTBF 3 Cost of Design &

Development of One

Prototype Unit

(millions)

Cost of Follow On Units

(millions)

RCA (Z-D) 26204 1.92 0.391

RCA (3-D) 26204 2.28 0.430

Motorola (3-D) 17950 s 1.256 0.288

i Two dimensional

z Three dimensional

3 Mean time before failure
4

Based on failure rates as presented in MIL-HDBK-217, 8 August 1962

5Based on Motorola special Memorandum 188 (SM188 revision 3-20-64) "Basic

Part Failure Rates"

6One time cost for high reliability, add $0.364 million; qualifications testing
of one unit, add $0.078 million.

TABLE 7-I. COMPARISON OF AROD VEHICLE-BORNE EQUIPMENT

PACKAGING STUDY RESULTS
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7.5.3.3

It was determined during this program that emphasis is to be placed

on a high probability of survival for a shorter mission time (<2000

hours) rather than the Z000-hour operating (or 20,000-hour non-

operating) life. Thus, a MTBF in excess of 2000 hours is actually

required. The simplex (non-redundant) reliability of the system is

estimated at Z300 hours, which means that the probability of survival

for a 10-hour mission would be in excess of 99.5%.

In a few cases the circuit requirements dictate active redundancy,

with the attendant penalty of added power drain. To eliminate sensing

and switching for the passive redundant networks, a degenerative

feedback technique is developed to keep the redundant circuit passive

until a failure occurs in the primary circuit of the network.

The system weights, volumes, and heat dissipations tabulated in

Table 7-2 are with the recommended redundancy incorporated.

Using selective redundancy, further improvements in reliability are

obtainable as indicated in Table 7-9.

System Design Approach- The AROD system design is geared to a

quick hardware delivery schedule; this is a prime factor in the

determination of the method of packaging the electronics for the

AROD equipment. The latest available analog and integrated circuit

packaging techniques are utilized to achieve a highly miniaturized

design, consistent with the need for demonstrated equipment capability

and the need to avoid new research and development in support of the

system.

The AROD design features a modular subsystem construction con-

sisting of six functional groups: Vehicle Tracking Transmitter (VTT);

Vehicle Tracking Receiver (VTR) front-end; Frequency Synthesizer;

Vehicle Tracking Receiver; Digital Package; and power supplies.

Each rugged, lightweight structural housing, designed for pressuri-

zation, will match the standard mounting system (Z-inch by Z-inch

grid) of the thermal conditioning panel mounted parallelto the vehicle

axis. Heat transfer is basically by conduction. The AROD design

provides the option of either direct cold-plate mounting of each of

the functional units for maximum heat transfer, or of a stacked

piggy-back array which minimizes the cold-plate n_ounting area

requirements. This provides inherent complete flexibility in system

installation and cabling interconnection to accommodate the require-

ments for any specific missile flight.
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The integrated circuit electronics packaging is based on a Z-dimensional
approach, wherein a planar array of flat packs are placed flat side
down in a single layer on one side of a printed circuit board. This
is selected over the 3-dimensional (ICM) approach because of the
availability and flexibility of the 2-D approach. The 3-D configuration
offers reliability advantages, and significant size and weight saving,
particularly in the digital area. For these reasons, 3-D packaging
should be considered for later AROD systems; the modular packaging
design makes the subsequent incorporation of ICM's quite simple.

Analysis of the simplex {no redundancy) AROD system shows an
MTBF slightly over 2000 hours. This indicates the need for relia-

bility inlprovement through selective redundancy. Each area of the

system was investigated for the application of redundancy; the con-

clusions are presented and specific recommendations are incorporated

in this report.

System Configuration. The overall system configuration recommended

for the initial AROD System vehicle equipment, utilizing the 2-D

packaging configuration, is shown in Figure 7-2.

The system electronics are packaged into four subsystem sections;

VTT, VTIR front end, Synthesizer, 4-Channel Receiver/Digital Package.

The VT Receiver includes two functional units: The VT Receiver

(Front End) and the LV Power Supply. Each unit is independent of

the other and may be mounted directly to the vehicle thermal condi-

tioning panel (cold-plate); or a piggy-back arrangement may be se-

lected to minimize the cold plate area requirements and simplify the

cable interconnection harness.

The VT Transmitter design is compartmented into three separate

units: VCT, VTT Exciter, and the VTT Power Amplifier/High Vol-

tage Power Supply. To facilitate easy mounting to the vehicle cold-

plate and to minin_ize special hardware requirements including

purging fittings, this design can provide best electrical perform-

ance and an efficient thermal shunting as a single integrated as-

sembly.

The 4-channel Receiver is mounted on top of the Digital Package.

Each of the units uses a lightweight structural housing with similar

ii_ounting provisions. As in the VTR, the design includes provisions

for direct mounting of each unit to the thermal conditioning panel if

desired.
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The alternate configuration utilizing the 3-D packaging scheme is

illustrated in Figure 7-3, for comparison with the recommended 2-D

approach. The configuration here comprises three subsystem sections.

The Frequency Synthesizer and the 4-Channel Receiver are combined

into a single housing weighing approximately 8.5 pounds and occupying

a volume of 188 cubic inches. The housing is mounted on top of a

3-D Digital Package which is approximately one-half the volume of

the 2-D version. The VTR and VTT units are identical to the 2-D

configuration.

A block diagram of the cable interconnection scheme for the 2-D

approach is shown in Figure 7-4.

Electronic Packaging Technology. In developing the Integrated Circuit

electronics and packaging techniques applicable to the AROD System,

two basic designs were investigated; namely, the 2-D package and the

3-D (ICM) Package with respective variations. On the basis of availa-

bility and flexibility, the 2-D approach was selected for the initial

AROD systems.

The 2-D package comprises a planar array of flat packs faced flat

side down in a single layer on one side of a printed circuit board,

with leads bent normal to the board (utilizing soldered plated-through

holes). The flat pack configuration requires less space than the "TO"

case, and is used to the fullest advantage.

From a volumetric standpoint, integrated circuit design technology

comprises 45% of the total AROD System, and is applicable only in

the Digital Package, Synthesizer, and 4-Channel Receiver.

Analog and Digital ICM's. The hybrid ICM, Figure 7-5, which is

typically used for analog functions, has 12 wires and employs one

or two ICP's which contain monolithic silicon or multiple chips,

together with microelement wafers. Lead bending is not required

for the ICP's, since the leads engage at right angles to the riser

wires. The microelement wafers are used to perform those circuit

functions which cannot be readily embodied in silicon. These include

large-value capacitors, variable capacitors, and inductors.

An average analog ICM contains one ICP, six capacitors, two inductors,

and one variable capacitor, and measures about 0.6 inch in height.

The assembly is accomplished by wave soldering the ICP terminals

and the metallized lands of the 1_icroelelnent wafers on the riser

wires. The resulting assembly is coated with a silicone, inserted
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in a molded shell and vacuum potted. The twelve 0.017-inch diameter

leads emerge on 0.075 inch centers (three to a side} for insertion into

a printed circuit board.

The digital ICM, Figure 7-6, differs from the others in that it has

28 riser wires, seven to a side, of which twenty wires, 0.013 inch

in diameter, are emerged for insertion into a printed circuit board.

Twelve of the twenty occupy the same relative positions {0.075 rail

centers} as in the standard twelve lead module. The additional eight

are brought out to form a smaller square, 0.075 inch inside each

side of the outer square.

The digital ICM contains only ICP's and interconnection wafers. Each

ICP has 14 leads positioned to contact alternate riser wires. Two

similar ICP's with one rotated 90 ° from the first are sufficient to

mate up with all 28 riser wires. The interconnection wafer is used

primarily for service lead minimization, but in some cases for logic;

depending on the degree of specialization desired. The interconnec-

tion wafers also serve as structural elements, providing, where neces-

sary a second solder joint on each riser wire.

The Z8/Z0 digital modular assembly contains from two to four ICP's

and one or two interconnection wafers. The assembly is wave soldered,

coated with a silicone, inserted in a shell and encapsulated. A 28/20

ICM containing three ICP's would measure 0. 360 x 0. 360 x 0. 360,

excluding the leads.

The hybrid analog ICM or digital ICM are normally mounted on 0.4

inch centers on printed circuit boards.

Features of ICM's. The ICM is based on the combined technologies

of the micromodule developments extending over the past six years,

and the integrated silicon semiconductor technology which has an

even longer history.

The 3-D ICM package is not proposed for incorporation in the first

few prototype AROD's because of the short tinge cycle which is

predicated for prototype deliveries (early 1965}. The variety of

analog circuits imposes a longer design cycle for the 3-D ICM pri-

n_arily because the ICM represents additional assembly designs and

reduces flexibility for circuit changes which are usually encountered

during the RgLD phase. However, it is recommended that the ICM

approach be applied concurrently with the initiation of the prototype
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hardware so that the advantages ensuing from the ICM approach can

be fully utilized in later AROD equipment. The advantages of the

ICM are discussed below.

Silicon transistors and integrated circuits have been life tested and

have exhibited failure rates in the order of 0.01% per 1000 device

hours. Life tests conducted under the Micromodule Program have

provided the following data:

Resistors in micromodules - 0.0007%/1000 hrs at rated conditions

Capacitors in micromodules - 0.0025%/1000 hrs at rated conditions

Solder joints - over 250,000,000 joint hours with no failures.

The facilitations established under the Micromodule Program and the

incorporation of the newer integrated electronic devices into the

disciplined geometry of the micromodule is expected to yield devices

with a reliability greater than that achieved under the original micro-

module.

The construction of hybrid analog ICM has been demonstrated on

developmental receivers and transmitters. These modules will

offer many advantages including improved reliability, lower cost,

smaller size, and improved electrical performance.

Design Trade-Off Summary. It is recommended that the initial AROD

Systems should be constructed using the Z-D packaging configuration

in order to meet the schedule requirements. The modular subsysten_

construction technique, with standard dimensions and a fixed mounting

hole grid, lends itself for easy integration of the 3-D packaged units

as part of the AROD System when the ICM's are employed. The

modular packaging design permits, therefore, a progressive adoption

of 3-D digital package for the synthesizer/4-channel receiver which

can be phased-in without any design changes. The design comparison

of the Z-D and 3-D approach for AROD is shown in Table 7-4.
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TABLE 7-4. 2-D/3-D SIZE COMPARISON

Configuration
Volume
(cu. in. )

Weight (ibs.)

Magnesium

32

:Aluminum

2-D 762 35

3-D 660 29 32.5

13.6% 9.5%
Percentage

Reduction

{_pproximatel)_

7.2%

Cold Plate Area

257

215

20%

As part of the trade-off analysis it is recognized that the 3-D configu-

ration is geared to mass production. Particularly in the digital area,

the 3-D configuration offers significant size and weight saving. Fewer

parts are employed, and a simpler inL_z_onnection scherne can be rea-

lized.

The analysis covering the cost factor for digital application shows

that the Z-D system requires no ICM assembly, as opposed to the

3-D version which requires a smaller number of printed circuit

cards. RCA cost estimates presently indicate an advantage in favor

of the ICM approach. In the analog area the hybrid ICM module

presently is more expensive than its conventional microcircuit counter-

part; however, this is compensated for by improved reliability.

Figure 7-7 shows 2-D and 3-D (ICM) constructions considered in the

trade-off analysis for the digital package only. Both use basic

booklet arrangement with flex-print interconnections between "pages".

2-D requires six pages and 3-D requires two. Both versions use

four connectors to accommodate input-output circuit interconnections

{approximately 200) for the equipment. Table 7-5 shows the high-

lights of the trade-off factors being considered. Evaluations of

factors reflect the following conclusions: Reliability very close,

perhaps slightly in favor of 3-D. Cost-indications in favor of 3-D,

savings in multilayer printed boards more than offset cost of assembly.

Availability and flexibility in favor of 2-D. The general conclusion

is that: 2-D is best where quantities are small and development time

is critical; 3-D is better for larger quantity, long-run applications.
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TABLE 7-5. DIGITAL PACKAGE - TRADE-OFFS

(1200 2-D ICP's)

Fewer Total Solder Joints

No Module Assembly & Test

TRAD E -49F F

FACTOR

Dimensions

Reliability

Cost

Performance

(400 3-D ICM's)

1/2 Volume (Reduction = 65 in 3)

2/3 Weight (Reduction = 2.2 lbs)

Extra Joints All Encapsulated

Fewer Un-encapsulated Joints

No ICP Lead Forming

Encapsulated Modules Easier to
Handle

Fewer PC Boards (2/6)

Fewer PC Board Holes (8000/12000)

Fewer Interconnectors (1/5)

Fewer Parts Final Assembly

(400/2000)

Reduced PC Wiring = Lower C,L,M

'Distance = Better High Speed

Performance

7-30



TABLE 7-_. DIGITAL PACKAGE - TRADE-OFFS (Continued)

(1200 2-D ICP's)

Standard "Off She_' ICP's

More Sources

Easier Subassembly Changes

Easier PC Board Jumpering

TRADE-OFF

FACTOR

Availability

Design

Flexibility

(400 3-D ICM's)

TABLE 7-6. ANALOG CIRCUIT PACKAGING TRADE-OFF

(FREQUENCY SYNTHESIZER)

2-D

2O2 ICP Flat Packs

49 TO-5 Cans

267 Components

(Micro Miniature)

41 cu. in.

4.1 lbs.

Better Schedule Potential

(off-the-shelf)

Quicker

No ICMAssembly
& Test

Fewer number plated-

through holes

(Mother board)

Lower cost components

Greater Flexibility

Trade-Off

Dimension

Reliability

Availability

Design Time

Cost

3-D

123 ICM's plus a few

conventional components

1/2 the Volume (19 cu. in.)

20% Lighter (3.3 lbs.)

Documented components

Fewer P/C bar Joints

Fewer P/C boards

• No baby boards

• Fewer number total parts

to assembly

Manufacturing Geared to Mass Production

Capability
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2-D
164ICP Flat Packs

228 TO-5 (Discrete chips)
1884 Ultraminiature

Components, (Resistors,

Capacitors, etc. )

Better schedule potential

(off-the-shelf capability)

Quicker

No ICM Assembly
& Test

Lower cost components

Greater Flexibility

Trade-Off

Factors

Dimension

Reliability

Availabi_ty

Design Time

Cost

3-D

288 ICMts including 40 TO-5

Discrete chip cans and a few

conventional components

5- to -3 volume Reduction'

(Area of Electronics using

Integrated circuitry)
4- to -3 volume Reduction

(Overall)

Weight saving

Documented Reliability

(Components) Data PC Beards

Fewer Board Joints

Smaller number of Boards

Less Complex

Manufacturing

• Fewer number of total

parts to assembly

Geared ,to mass production

capability

Table 7-7. Analog Circuit Packaging - Trade-Off (4-Channel

Receiver)
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The trade-off factors of the analog circuit packaging techniques of

the AROD equipment (Frequency Synthesizer and 4-Channel Receiver)

are tabulated in Table 7-6 and 7-7, respectively. The 3-D design

combines the Frequency Synthesizer and the VTR into a single com-

partmented housing. The two sections are shielded and designed

in favor of the 2-D approach; the design and development time is

quicker, particularly for present applications. The 3-D approach

in the analog area does not quite provide as great an advantage of

volume and weight saving as is realized in the digital area. The

analog circuit requirements indicate a great number of different

types of ICM, which influences both cost and maintainability. Re-

liability is greater for the 3-D design.

Reliability. The reliability requirements are stated as follows.

"The equipment shall be capable of operating for an average of at

least 2000 hours continuously or intermittently without adjustment.

Where adequate test data are not available, the customer shall demon-

strate by part data the MTBF. The MTBF design goal shallbe 20,000

hours under missile equipment standby conditions. "

The following interpretations of the requirements have evolved:

I , The 20,000 hour requirement for missile equipment stand-

by is equivalent to a storage or shelf life requirement with

no power applied. Storage environments, however, have

not been defined.

. The 2000 hour requirement is an operating requirement

and will be satisfied with a 2000 hour MTBF. It was

determined that a high probability of survival for a short

mission time (< 2000 hours) would more adequately des-

cribe the reliability requirement for AROD. In order to

assure, with high confidence level, that the equipment

would be capable of operating for at least 2000 hours con-

tinuously or intermittently without adjustment, the MTBF

must be much 6rearer than 2000 hours. If the equipment

had a 2000 hour MTBF, it would have only a 37% probability

of surviving a 2000-hour mission. However, with a i0 hour

mission and a MTBF of 2000 hours, the probability of survi-

val would be 99.5%.
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1 The definition of a failure is the inability to communicate

range and velocity data, or complete abortion of a mission.

This implies that, since three channels are sufficient to

convey range and velocity information, a failure in the

fourth channel would not necessarily constitute a total

system failure.

4. Maintainability will be a factor prior to launch; in-flight

maintenance will not be considered.

A reliability analysis was made based on part complexity by con-

sidering a simplex system without the benefits of redundancy. This

was done to provide a reliability profile which would indicate the

most logical places to incorporate selective redundancy and to pro-

vide an indication of whether the proposed system would meet the

requirements as stated above. Figure 7-8 shows the reliability

profile. The percent failure per 1000 hours and MTBF are as follows:

Version

TWT

Triode

Amplitron

Simplex System Redundant L. V. Power Supply

F.R.%/1000 hrs MTBF(hrs) F.R.%/1000 hrs MTBF(hrs)

39.4 2540 38. 2 2620

40. 2 2490 39.0 2560

247040. 6 39.4 2540

The failure rates used to calculate the reliability figures were de-

rived, where applicable, from MIL-HDBK-217, dated 8 August,

1962. Where this handbook did not include failure rates for certain

part categories, or where additional information was available and

employed, the source of such information is shown. For example,

all failure rates pertaining to integrated circuits were based on

vendor data up to l January 1964. Redundancy calculations were

based on the formulas in Appendix 4 of MIL-HDBK-217, assuming

an infinite repair time.

Redundancy. An analysis of the complete system was made in order

to determine the areas in which redundancy wouId have the most

effect in improving the MTBF (see 'Fable 7-8). Consideration was

also given to the additional cost of applying these networks relative

to design, weight, power, and volume.
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Figure 7-8. Reliability Profile
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Redundancy Techniques. Redundancy in an active or passive form

may be applied to circuitry within a system, on a component, module,

or subsystem basis to improve reliability. The selection is depen-
dent upon system constraints and requirements such as available

power, weight, space, and costs.

Active redundancy is best defined as a duplicate circuit or component

performing the same function as the primary unit; however, it serves

no particular function unless the primary item fails, at which time

it continues to operate in the normal manner, eliminating the pos-

sibility of a catastrophic failure. Active redundancy may be applied

in either a series configuration, a parallel configuration, or a com-

bination of both, depending upon system requirements and constraints.

Passive redundancy differs from active, only in that it remains in-

operative until the primary circuit suffers complete or partial de-
gradation, at which time the redundant unit is either switched into

the system or, due to failure of the primary-circuit bias, is removed

____ _t._ --o,_l,,_,_=,_t c_rcuit is allowed to operate. With passive redun-

dancy the duplicate circuit is not operational untii the primary cir-

cuit fails; thus, the system power requirements are not as high as
they would be for active redundancy.

Passive parallel redundancy will be considered wherever feasible

for this system. To avoid requirements for failure-sensing devices

for the primary circuits and, in turn, switching devices for the

redundant unit, a technique for applying degenerative feedback to the

redundant unit has been developed. This maintains the redundant

unit in a passive state while the primary circuit is functioning satis-

factorly, minimizing power requirements. The method for obtaining

degenerative feedback will differ slightly for capacitively-coupled

and direct-coupled digital logic and for analog logic. Methods for

accomplishing this are defined below.

Degenerative Feedback Techniques. A capacitively coupled analog

or digital circuit may require one of two configurations, depending

upon the amplitude of the output of the primary network and the

drive required by the next stage. If ample signal exists, part of the

signal is used to develop a bias which is fed back to the base of the

redundant network to keep it from conducting. All voltages are

applied as in the standard active redundant circuit as demonstrated

in the following figure.
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INPUT

i
OUTPUT '

C

When sufficient output signal is not available to drive the preceeding

stage and develop the degenerative feedback for the redundant cir-

cuit to keep it biased to cutoff, the following configuration must be

used.

I NPUT

OUTPUT

With the use of diode coupling in digital areas it is always necessary

to use an additional stage for developing the degenerative feedback

to keep the redundant circuit from conducting. Biasing of the redun-

dant circuit is very critical when using this method. Two NPN cir-

cuits must be used for the primary and redundant circuit and a

PNP for developing the bias required to keep the redundant circuit

from conducting.This technique is shown in the following diagram.
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Application of Redundancy. The digital section of AROD is basically

a series logic chain which is common to all channels: therefore a

failure at any point will mean a complete failure of the AROD system.

Since all the integrated circuits within the digital command logic

have the same MTBF and are equally stressed, the application of

redundancy for any specific circuit, is not profitable for the digital
section.

Redundancy Implementation at the Subsystem Level. Higher relia-

bility may be achieved through implementation of redundancy at the

subsystem level. At this level the primary constraints on selective

redundancy are power drain and weight.

An analysis has been performed to determine the "best" choice

for subsystem redundancy when constrained by power and weight.

The results are shown in Table 7-9. The essential concept, when

selecting candidates for redundancy when constraints are imposed,

is that the candidate subsystem represent the greatest reliability

return per unit of the constrained resource (i.e., power, weight).

For each subsystem, the ratio of reliability improvement {decrease

in system failure rate} to the expenditure of weight and power is

established. The highest magnitude of these ratios, when considering

the redundancy candidates, represent the best return in reliability

improvement.

It is now possible to select the subsystems which will produce the

maximum reliability considering both power and weight constraints

simultaneously. For hypothetical purposes, suppose that 12 Ibs.

and 16 watts of additional equipment are permitted. It is desired

to get a maximum decrease in failure rate by making selected sub-

systems redundant. The procedure is to select those candidate
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subsystems in order of highest return ratio (selection order) until

either power or weight constraint is violated. Remove that sub-

system as a candidate which caused the constraint violation and

proceed to the next highest feasible return ratio. Table 7-10 pre-

sents an example of this procedure.

In summary, the only redundancy recommended is that of the low-

voltage power supply. Several other areas offer the possibility of

future improvement through redundancy; however, they are not

suggested at this time:

, To improve the reliability of the Vehicle Command Trans-

mitter, active redundancy is recommended for the IPA

and the PA.

. No redundancy is contemplated for the PA of the Vehicle

Tracking Transmitter, provided the TWT configuration

is used. The reliability of the TWT has been proven.

t Series tunnel diode amplifiers have been incorporated in

the front end of the receiver to improve the MTBF of

the receiver. Further improvement can be obtained by

applying active redundancy to the 1st IF, as illustrated

in Figure 7-9. Complete failure or reduced gain of any

single stage of this amplifier could render the complete

system useless.

, Since a failure of the Master Oscillator in the Frequency

Synthesizer would cause a complete failure of the AROD

System, the Master Oscillator should be made redundant

and phase locked.

. No redundancy is required for the 4-channel Receiver,

since the loss of one channel will not cause complete loss

of the system.
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7.5.3.4 Equipment Description - The equipment design for the AROD System

is predicated upon achieving the following characteristics:

I. Minimum DG input power

2. Minimum size and weight

3. High reliability

4. Maximum use of rnicroelectronic circuits

5. Radio frequency interference free operation

6. Operation under stringent environmental requirements.

To meet these characteristics, solid state design using state-of-the-

art techniques and components is proposed wherever possible.

Devices which have been proven and have been qualified are used to

the maximum extent possible. Gate is taken to arrive at a packaging

configuration which is optimuln not only for heat transfer purposes,

but also for operation within the indicated environment.
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Although the program is basically a packaging study program, emphasis

is also placedon system design, because it is impossible to achieve

the desired results without considering both the packaging and the sys-

tem aspects simultaneously. Integrated microelectronic circuits are

proposed and used wherever possible. The equipment is so configured

and packaged that interaction between assemblies is minimized. Pres-

surization of various equipments is proposed not only to overcome

possible problems of high voltage and high RF potential breakdowns,

but also to overcome the problem of operation in extremes of humidity.

Although there is a small penalty in size and weight for this approach,

this is more than offset by the added reliability, confidence, and sim-

plicity of design which results from the controlled environment.

The major performance characteristics of the various equipments which

are proposed for use in the AROD System are indicated in Tables 7-2
and 7- 3.

Except for the power amplifier of the Vehicle Tracking Transmitter,

the total equipment is solid-state, making exclusive use of silicon

components. A centralized '......._t_ po_e_ .......'-- •.... _up_,.v 13 Drcpo =_H

to power the total equipment. Redundant low-voltage power supplies

are proposed to meet reliability requirements. All components

are adequately derated for both voltage and dissipation to assure

reliable operation. The designs are based upon achievable results

which have been proved on other programs with similar requirements.

Printed wiring techniques are used wherever possible. This improves

the uniformity of design and production and also reliability. Careful

consideration has been given to stripline techniques in the frequency

region where lumped circuit elements cannot be used. The strip-line

approach is not proposed here because of the requirement for changing

frequency. The proposed design is based upon the best available sys-

tem information and should be updated as the system requirements

become more firm.

The packaging design of the AROD equipment reconciles the equipment

functions and characteristics with the anticipated physical environment

and conditions of use. Specifically, the recommended design is a

reasonable solution to the constraints of size, v_eight, heat removal,

accessibility, vibration, shock, sustained acceleration, rapid de-

compression from sea level to 10 -9 mm of znercury, humidity, salt

spray, thermal shock, explosive atmospheres, acoustic noise, and

RFI. The design gives primary consideration to reliability, cost of

manufacture, and short time cycle from release date to delivery of

equipment.
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7.5.3.5 Mechanical Description - This section describes the mechanical packa-

ging configuration recommended for the Digital Package and the following

equipment: Vehicle Tracking Transmitter (VTT), Vehicle Command

Transmitter (VCT), Vehicle Tracking Receiver, Frequency Synthesizer

and power supplies. The design reconciles the equipment functions and

characteristics to the anticipated physical environment and conditions

of use. Specifically, the 2-D design, as proposed initially for AROD,

provides the solution to the constraints of size, weight, heat removal,

accessibility, vibration, shock, sustained acceleration, rapid decom-

pression from sea levelto 10 -9 mm of mercury, humidity, salt spray,

thermal shock, explosive atmospheres, acoustic noise and radio fre-

quency interference. In addition, the design considers reliability,

cost of manufacture, and a short time cycle from release-date to de-

livery of equipment. In recognition of these last three constraints,

this straightforward design approach relies primarily on components

and techniques of proven application.

In the Digital Package, a semi-sealed housing, or opened construction

technique, is employed. Since the circuitry is exclusively integrated

circuitry-hermetically sealed flat packs - a pressurized housing is not

required.

Over-All Packaging. The principal factors, other than electrical con-

siderations, which influence the AROD structural packaging are:

1. Space Environment

2. Tight Schedule "Off-the-Shelf" Technology

3. Low Power

4. Probability of Survival - Short Mission.

The mounting arrangement of the four major sections of the AROD

equipment (2-D Version} on the Thermal Conditioning Panel is shown

in Figure 7-i0. Figure 7-11 is a scale mock-up of AROD vehicle-

borne equipment.

The AROD Mock-Up Assembly occupies a volume of 762 cubic inches

(maximum}, and utilizes 267 square inches of cold plate area to ac-

con_modate the AROD equipment (Z-D version) and the cabling harness

accessories. The final design may appraoch 575 cubic inches, and a

total weight of 29 pounds appears practical using 3-D construction

and magnesium structure. Each of the mock-up units conforms to
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the final weight specified in the major performance parameters. The

structural housings of each mock-up simulate the external dimensions

only, while the internal configuration and wall thickness do not reflect

the final housing design.

RF and IF Section. The RF and IF circuits are housed in four pres-

surized {O-ring seal) aluminum enclosures, one containing the Vehicle

Tracking Transmitter and the Vehicle Command Transmitter, one for

the 4-channel Tracking Receiver, one for the VTR Front End, and one

for the Synthesizer.

Housings and Structure. Aluminum is generally preferred for electronic

equipment housing material, particularly when RFI and conduction

cooling are important considerations. Certain non-metals, such as

reinforced epoxies, have good strength-to-weight ratios, but they do

not offer good RFI shielding or heat conduction. Light metals, such

as magnesium, are inferior in strength-to-weight and strength-to-

cost ratios. Aluminum also offers advantages in ease of fabrication,

cost, electrical and th_:i-_-,al cond,_wtivity, and resistance to corrosion.

The fully pressurized enclosure offers several advantages. It excludes

humidity, salt spray, sand, dust, explosive atmosphere, transient

vacuum, and voltage arc-over at critical pressure. Both the heavy

sections required for structural strength, and the presence of a gas

within the housing, are helpful in heat conduction and absorption of

thermal surges. Electronic components which are sensitive to humidity

and reduced pressure can be lighter, simpler, and less expensive,

and the use of potting compounds can be limited. Equipment develop-

ment is reduced as a result of the environmental control provided by

the pressurized enclosure.

On the negative side, the rigid, pressurized housing transmits the low

frequency components of shock and vibration, requiring additional

protection for sensitive electronic devices. However, the weight

and cost penalties of the housing itself can be controlled by careful

design and fabrication techniques; the target weight should not exceed

that of a comparable vented enclosure by more than 2:1.

Digital Package. Several configurations of packaging the digital portion

of the system were evaluated. The three primary methods considered

were:

I. ICM's mounted on two multi-layer boards positioned back

to back (considered a 3-dimensional approach).

7-53



0 Mounting the 1200 flat packs in groups of 18 on an inter-

connecting multilayer and using this as a building block

(2- dimensional).

. Using the same flat packs, but placing them directly onto

several large multilayers and using a method such as

Flexprint to interconnect them (Modified approach).

Of these techniques, the 2-D or planar method is preferred, for the

reasons given below. However, the 3-D approach should be considered

for later AROD models, primarily for the size and weight advantages.

The .4ROD packaging design is such that the 3-D packaging can be

adopted progressively with little change to the design. The power dis-

sipated, which is independent of the package configuration, is 14 watts.

Power Supplies. The Power Supplies will include a low voltage power

supply to obtain the 28v, 12v, 4v and -2v required. It is recommended

that this power supply be made redundant.

The unit serves as both a power source and a distribution box. The

converter subassemblies are potted; and the entire unit is a rigid

structure both to provide conduction cooling and to permit stacking

of other system components such as the Vehicle Tracking Receiver.

The second supply will depend on the approach chosen for the Vehicle

Tracking Transmitter.

Environmental Design. Hun_idity, acceleration, vibration, and vacuum

are the determining factors in the mechanical design of AROD space-

flight hardware. In general, this equipment is built, tested, trans-

ported, and assembled in a controlled environment, but since it must

pass through short periods of relative humidity (as could be expected

at a particular launch site}, the design will preclude failure induced

by humidity. The design also will include a built-in capability to

withstand the maximum stress levels imposed by constantly applied

forces during the launching interval. Other lesser, but still important,

acceleration considerations are those imposed through ground handling

and air-flight transportation of the system from the manufacturing

area to the launch site.

The packaging design enables the electronic parts and assemblies to

withstand 15-g loads for a five-minute duration in one direction (thcust

axis} and 3g for a five-minute duration in a transverse axis.
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The system will withstand the high vibrational stresses, both sinusoidal

and random, as stipulated in the design guideline of the Saturn vehicle

system. Particularly, consideration has been given to the type of

protection used on parts, the method of attachment of individual

modules, and the effect of other parts that make up the over-all unit

assemblies. Potted modular assemblies, particularly in the area

of the transmitter power supply, are packaged in a potting envelope

within the structural housing. The equipment is designed to withstand

a maximum amplitude of 5g over a frequency range of 5 cps to Z000

cps at the amplitudes specified as resonant points of the Saturn vehicle.

Secondly, a random vibration test will be conducted on a typical unit

covering the 20 cps to 2000 cps frequency range in a manner to be

outlined by the Contractor prior to delivery of the equipment.

The design also will meet the requirements of a vacuum environment.

The vacuum generally is the most exotic environment encountered on

long space flights; however, for the AROD system, the heat transfer

problem and the "outgassing" and deterioration rates are not too

critical. The equipment design incorporates a satisfactory heat

transfer mechanism for conduction. "-- " ' ....op_Cla_ _++_t_r_ xx11 I I lJ_ gi'v'Ci_

to the finishing surfaces of the housing structure. RCA will use a

black epoxy finish (RC-590) as specified on such space programs as

Ranger, Apollo, etc. Cadmium and zinc plating will not be used.

In areas where semi-sealed housings or opened housing constructions

are employed, consideration will be given to overcome the possibility

of shorting by providing special protective coating on printed-circuit

boards. This coating will be applied directly to the terminals and

associated wiring where practical. The type of potting used in this

area will be a clear silicon low-temperature vulcanizing compound.

The potting application will prevent moisture penetration into and

around the component parts and circuitry. In addition, the clear

potting material permits identification of items normally visible and

probing by test leads can be made easily during the troubleshooting.

Heat Transfer. The conductive temperature elevations are small in

all units except in the output stage of the VTT exciter and the output

stage of the VCT. For these units the heat load and critical tempera-

ture elevation can be greatly reduced with a suitable electrical design.

Heat transfer is by thermal conduction from the heat generating com-

ponents to a surface plate as heat sink. For highest reliability of the

components, minimum temperature elevations in the components with

respect to the heat sink is maintained at minimum weight of the
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structure. To accomplish this, clearly defined low thermal resistance
paths are established from heat generating components to the cold plate
surface as heat sink. The means to accomplish this vary somewhat
in detail for the individual components and subunits. In the digital
units the thermal resistance path is essentially composed of

1. semiconductor (ICP or individual transistor) to enclose or

shell,

2. enclosure of semiconductor to thermal ground on printed-

circuit board,

3. thermal ground on printed-circuit board to metal case

structure and

4. metal case structure to cold plate surface as heat sink.

For high power generating units, the printed-circuit board is bypassed

(step 3 omitted) and critical components directly mounted to case

structure. Assemblies or components generating largest heat power

are mounted closest to their heat sink while units of small heat power

may be spaced away from heat sink. Where necessary, heat generating

components are thermally grounded together to avoid local hot spots.

Soldering and Welding. The joint technology and method of intcrcon-

nection for the AROD equipment uses three different techniques:

1. Multilayer printed-circuit boards (plated through holes)

Z. Double-sided printed-circuit boards without plated through

hole s

3. Split pin wire wrap interconnection.

Soldering, which is a proven technique, is recommended over welding.

In spite of the fact that welding connections can be accomplished much

closer to the component body without potential thermal damage, no

saving in the mounting area is achieved over soldering. All flat packs

will be inserted through plated-through holes using dip-soldered

interconnections. The use of solder increases the weight of the as-

sembly slightly; however, the percentage increase is relatively insig-

nificant when compared to the over-all assembly weight. In the

Frequency Synthesizer and the Four-Channel Receiver, which uses

the split pin wire wrap technique, soldering of these connections
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after electrical tests are made will provide a reliable combination of

wire wrap-soldered connection. The split pins will be solder plated

before wire-wrapping the interconnection joint in order to accommodate

solde ring.

Abridgement of Motorola Packaging Study

Introduction - This report contains the results of the AROD Packaging

Study performed by Motorola under a contract with Brown Engineering

Company. It is submitted in compliance with the requirements of items

I, 2, 3, 4, 5, and 8 of Article I, Exhibit A, "Scope of Work for Pack-

aging Study of AROD Vehicle-Borne Equipment, " dated December 12, 1963.

Objectives. The system analyzed is basically that described in Technical

Note S-l, "AROD System Description," Revision l, dated January 31, 1964.

The redesign of the concepts associated with the system was specifically

excluded from the work to be accomplished; however, certain internal modi-

fications have been incorporated where a clear advantage in size require-

ments, weight requirements, power consumption, or a significant improve-

" ...... _ w_ such changes have beenment in systerr, performance is to ue ga.,_, ........

made, justification of the change and applicable discussion of interface

specifications are included in this report.

In the performance of this work, the following documents were considered

to be part of the basic system description:

I. Abbreviated System Description, Exhibit - I

2. Subsystem Abbreviated Theory of Operation, Exhibit - II

3. Tentative Environmental Conditions & Test Specifications, Exhibit HI

4. System Block Diagrams and Subsystem Schematics

5. Subsystem Specifications.

The AROD vehicle-borne unit tentative environmental test specificati(,,j

requires a fully pressurized unit construction. This proved to be a ruajur

factor in the mechanical design of the system.

Additional information was received verifying a change in operating s igual

level from -90 dbm to -140 dbm, to -70 dbm to -130 dbm. This inforlnation

is acknowledged and is reflected in the calculations in this report.
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7.5.4.2

The revised signal levels can be easily handled by gain-control
of the buffer amplifiers in the first i-f amplifiers and will re-
sult in much more favorable signal-to-noise ratios throughout
the receiving, ranging, and velocity extraction subsystems.

The objectives of this study were to develop packaging techniques
which, when applied to this model system, would result in fligl_t-
worthy equipment with minimum size, weight, and power con-
sumption. As it is recognized that this model system differs in_
detail from the final system to be implemented, no detail syste_,_
analysis relating to allocation of errors has been done on this pro-
gram. The contributing sources of error have been analyzed,
however, and means of minimizing their contributions have bee_
explored.

Approach. The work which has been accomplished is an application

of microelectronic techniques which can be presently implemented.

Devices which are not presently available were generally n_Jt con-

sidered, although an exception was made in the planned fabrication

of several special integrated circuits. This exception was made

only where there is a high enough usage in the equipment to justify

the qualification of the new device without incurring excessive

costs. All devices have been carefully weighed for their effects

upon the over-all equipment reliability and tradeoffs have been

made in the equipments to maximize the mean time to failure. New

devices have been critically examined in this respect.

Summary of Results - Microelectronics have historically been ai_-

plied primarily to digital circuitry. Only recently have these tech-

niques been extended to high radio frequencies and to linear

circuitry. The greatest obstacles to be overcome in r-f circuits

were the miniaturization of high quality tuning elements, adequalt_

line decoupling, shielding of critical components or entire circuits,

and the interconnection of circuits with acceptable line isolatioi_.

Each of these problem areas has received major effort in this

study.

The problems are alleviated to some extent by specific circuit

implementation. An example would be a frequency multiplier

multiplying by a factor of eight. This would be difficult to minia-

turize due to the selectivity required in the tuned circuits. Tht:

dual problem of dividing by eight is, however, easily micro-

miniaturized with standard of-the-shelf components. The AROI)

vehicle equipment has been examined for the applicability of ll,_,,
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7.5.4.3

approach with some success, resulting in a substantial reduction in

size and weight, particularly in the Frequency Synthesizer.

The approach is basically a method of interconnecting components

in a manner to enhance high density packaging. The components

may be fully integrated circuits, hybrid, or "chipped-up" circuits,

or conventional components such as resistors and capacitors in

cordwood construction, or combinations of these types of circuitry.

There are three levels of division and standardization in the pack-

aging concept. First, a logical group of circuits is packaged in a

standard sized, replaceable module. Next, a logical group of

modules, preferebly a functional subsystem, is packaged into a

standard sized FRAME. Then, a logical group of subsystem frames

is packaged into a shielded, environmentalproofUNIT. There are

three such units required for the AROD vehicle-borne equipment.

This packaging approach has resulted in a rugged system which can

withstand the expected environment, and is easily maintained by

UNIT, FRAME, or MODULE replacement.

The module design utilizes concepts developed in the last few years

on Motorola Independent Development Programs, and as such are

considered proprietary. These concepts are aimed at solution of

the interconnection problems and at the development of compatible

packaging techniques for both digital, low frequency, and radio

frequency circuits.

Component Selection - The selection of components for the AROD

system has been directed toward using available components for

which a high degree of reliability has been demonstrated. However,

to miniaturize a given system, certain compromises must be made

on the selection of parts. Small components must be used for

which reliability data is not available, but the manufacturing pro-

cess used to develop these new components can aid in their

selection.

The AROD system requires minimum size, weight, and power.

Integrated circuits (I/G) lend themselves to these requirements,

but the development of linear low frequency and r-f integrated

circuits has lagged the digital circuits because of certain limita-

tions of integrated circuits. The digital circuitry has received the
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most emphasis by integrated circuit manufacturers because of the

standardization possible and adaptability to integrated circuits.

Predicted and demonstrated reliability of digital integrated circuits

justifies its usage throughout the AROD system wherever applicable.

However, where the complexity or power required by a circuit may

be minimized by conventional components, a trade-off between il_-

tegrated and conventional circuits must be analyzed. The detailed

selection of specific integrated circuits, both linear and digital, and

the related interface requirements are discussed in the following

sections.

General Considerations in the Selection of Digital Integrated Circuits.

this study, efforts were undertaken to establish (1) the logic and

circuit requirements and (Z) sources of supply for microelectronic

circuits which can efficiently and reliably satisfy these requirements.

From the review of the AROD logic requirement, the following basic

factor were established.

. A gate with a fan-in of Z and a fan-out of 3 will satisfy

70 per cent of the gate requirements. Hence high fan-in

and fan-out is not justified at the expense of other con-

siderations.

_o Approximately one-third of the digital system consists of

flip-flops and hence the particular characteristics are

important in realizing low power and low module count.

Due to the requirement for many asynchronous logic

functions, an a-c triggered JK type flip-flop is necessary.

The obvious choice of available microelectronic techniques is the

realization of digital circuit functions on a single silicon substrate

{monolithic}. The semiconductor industry has been very active in

the development of a wide range of such circuits. Each manu-

facturer has made somewhat different trade-offs and each family

of circuits has its own advantages and limitations for this parti-

cular application, but the basic requirements can be satisfied

by several manufacturers. A discussion of the basic criteria

for the selection of a family follows.

i. Fiat Pack Package -The flat pack was selected for the

packaging configuration based on over-all packaging density.

In
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. Minimum Power - The over-all power consumption requirenlent

is a function of speed and power supply potentials. To minimize

power consumption it may be desirable to use two compatible

logic families which have different speed-power trade-offs.

o Reliability - The basic approach to realizing the reliability

requirements is the use of monolithic circuits. This technique

promises the highest intrinsic reliability and actual tests are

beginning to confirm this.

. Minimum Module Count - The minimum module count is a function

of the availability of certain types of flip-flops and the packaging

configuration of the gates. This is an important system considera-

tion because of the impact on other variables such as size, weight,

and reliability.

, Noise Characteristics - The noise characteristics of the circuitry

are difficult variables to quantitatively evaluate, but an inlportant

consideration. It is desirable that the circuits not be a source of

noise due to +_ t_=_,,;. -"--_"........... _w_,._..ng _,_ ,_nt h_ susceDtible to electro-

statically coupled and ground line inducted signals. This factor can

be very troublesome and result in marginal equipment if not duly

considered.

. Interface with Other Circuits - The interfaces are considerations

since certain logic levels are more amendable to simple low power

interface circuitry of a minimum number of types.

o Source of Supply - The total quantities of circuits were sufficient

to justify establishing the ability of different vendors to produce

these circuits at a high rate. Further, it is desirable that second

sources exist for these circuits so that a source of supply is assured.

Evaluation of Vendors. At least 25 manufacturers have one or more digital

I/C families in production. A request for information as to input-output

capabilities, noise immunity and other parameters was directed to these

vendors. From the answers received, the list of potential suppliers was

reduced to those vendors who could demonstrate flat pack capability in a

representative type of logic. The different forms of logic from the selected

vendors were then given further consideration.
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7.5.4.4

As a result of extensive investigations and tests, either the Fair-

child or Signetics family may be used in the _&ROD program. The

digital integrated circuit technology is still in a dynamic state with

many new developments nearing completion. The most important

characteristic that these new developments will realize is reduction

in power consumption. As aconsmquence,it is recommended that

a review of this selection be instituted before hardware development.

Radio-Frequency Integrated Circuit Designs - To contribute to the

miniaturization of the AROD system, the intermediate and radio-

frequency portions of the system were examined to determine the

degree to which integrated circuits could be applied. The inter-

mediate frequencies (up to about 100 Me) received the major portion

of this effort.

Examination of the intermediate frequency portion of the AROD

system reveals that nearly all of the required circuits must in-

corporate some tuning. In fact, the block diagrams show that

nearly 30 per cent of the functions are nothing more than frequency

selective circuits; yet,one of the major difficulties which exists

today in integrated circuit designs is the problem of realizing high

quality tuned circuits. These problems, in turn, are associated

with the fabrication of suitable inductors and capacitors.

The problems are further compounded in the AROD system by the

absolute necessity of maintaining constant phase delay through the

system. This, in turn, implies an accuracy of tuning and a

stability of component values which is several times more severe

than that usually encountered.

There have been two general methods which have been successfully

used to realize tuned circuits in radio frequency integrated devices.

These methods differ mainly in tile mechanization of tile tu,lcd

circuits.

The "Thin Film" approach offers the greatest reduction of size

and weight at this time. In this approach, both inductors and

capacitors are deposited on a passive substrate. This approach

is ruled out for this application because the values obtainable for

both irlductors and capacitors are very limited, stabilities are

only fair, and the coils will have a maximum "Q" of about 30.

Time delay variations would be so great as to greatly degrade the

range accuracy of the system.
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The other major approach uses very small toroidal inductors mounted

on a second wafer in a TO-5 integrated circuit package. This semi-

integrated or hybrid approach does hold the over-all size down but, in

common with the thin film approach, has the disadvantage of being tunable

only at the time of assembly and not during the final circuit te_t cycle.

The obtainable accuracy of tuning is then dependent upon the degree to

which the assembly test fixture simulates the installed circuit charac-

teristics. It is not believed that the accuracy requirements of the system

could be met with this approach.

There are also other potential mechanizations of tuned circuits which

have been considered. These include "active feed-back" and "feed-

forward" networks. The tolerance problems and the sensitivity of the

circuits to component values rule these approaches inapplicable for this

system.

Approach. The approach which has been selected for the AROD vehicle-borne

• _ _+=+_ nf the hybrid integrated circuit described above.

The adaptation is the use of high quality tuning elements which arc external

to the integrated circuitry but located adjacent to it. The selected tuning

elements will be sub-miniature variable inductances, variable capacities,

helical resonators, or fixed tuned elements in the cases where extreme

accuracy of tuning is immaterial. The integrated circuits and their

associated elements are then encapsulated with the tuning adjustments

remaining accessible for trimming during final test and alignment.

To effectively package circuits in these encapsulated modules, certain

size restrictions must be assumed. The components of the RF circuits

are restricted both in diameter and length. The components that will

comprise 90 per cent of the RF circuitry in the miniaturized modules are:

1. Integrated Circuits Flat pack or TO-5 (modified)

Z. Transistors TO-18 Type

3. RF Choke s Wee Wee Ductors (Nytronics, Inc.)
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. Inductor, variable - i/4" x 3/8" shield (core & bobbin-

Indiana General Corporation)

5. Toroids 0. 375 dia. max.

6. Capacitor, variable - Johanson (Z950 series)

7. Capacitors, tantalum - Sprague type 350D

8. Capacitors, glass -Corning CYFR-10

9. Resistors, carbon composition - I/4 w.

This selected approach effectively removes the tuning problem and

allows a fuller utilization of integrated circuits than could be ob-

tained with the other approaches.

Selection of Existing R-F Integrated Circuits. A survey of both

literature and vendor visits was made to determine the amount

of existing r-f integrated circuitry which could be incorporated

into the AROD system. The standard integrated circuits available

with accompanying performance specifications are at the present

time limited mainly to differential amplifiers, video amplifiers,

and general purpose amplifiers. Both Texas Instruments IT.I.) and

Fairchild have differential amplifiers available but they are limited

as to frequency response. These amplifiers are used in low fre-

quency applications up to about 100 kc. During the course of the

survey, vendor visits were made to integrated circuit manufacturers

to investigate further the standard available circuits. The capa-

bilities of these companies were previously described.

The Motorola MCI if0 general purpose amplifier appeared as the

most promising of the standard circuits at this time. This ampli-

fier is a hybrid chip device and is capable of operating at frequen-

cies in excess of Z00Mc.

New R-F Circuit Design. The tests performed on the MCIII0 in-

dicated that its use as a fixed gain amplifier was satisfactory.

However, as a gain controlled amplifier, the method of controlling

the gain affects the bandwidth characteristics more than can be

tolerated in the AROD system. To maintain a constant phase dcl,ly

through the amplifier, the reduction in bandwidth at low gain mu_t

be mininlized.
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7.5.4.5

A new gain controlled amplifier configuration was developed to
minimize the input impedance variations of the stage. The integrated
dircuit portion of this circuit is similar to the MCIII0, except the
gain is now controlled in a different manner. The same gain control
characteristics result with an improved input impedance character-
istic.

Mechanical Design and Packaging- The AROD vehicle-borne equip-

ment is packaged into three units or cases.

Mockups of this equipment have been constructed and are shown in

Figure 7-12. Each case is sealed, pressurized, and independently

mounted in the vehicle. The division of the system into the three

units was determined primarily by system function and inter-unit

cabling, with consideration given to heat dissipation, size, and

weight. Each unit consists of an outside case, a front cover-

connector panel, and the modular subunits (Frames). See

Figurc 7-!3.

The outside case was designed to meet the requirements of Guide

Line Procedure, 09-5 (part of Exhibit III) with the bottom of the

case serving as the unit mounting base. The case and its front

cover are designed to meet the mounting base flatness requirement

of .003 TIR with internal pressures to 30 psig. The mounting of the

unit is accomplished with eight # 4-28 UNF-3A cap-screws arranged

in two rows of four on four-inch centers, along the sides of the

case. The eight mounting points plus the controlled surface finish

and flatness of the base ensure good thermal contact to the vehicle

frame. All mounting screws have direct access from above and no

side clearance between units is necessary. All the input and output

connectors are on one end of the unit.

All subunits or frames follow a modular pattern which, when

mounted together, support each other to form a rigid subassembly.

This modular pattern ensures that the various frames, despite

their electrical function, will be mechanically compatible. The

arrangement also allows the width of each frame to vary in units

of 0. l inch giving many possible frame sizes, and thereby reducing

the packaging inefficiency sometimes inherent with modular stan

dards. See Figure 7-14. The frames will vary in their actual

construction depending upon the type of electronic components

involved and the amount of heat to be removed. The frames are

held in compression against each other and against the front cover
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and connector panel by two 3/16 diameter tension tubes. To ensure
a good thermal contact with the case, each frame is also held down
to the base with two 6/32 screws. The top of each frame is <,sed
for the interconnects. The frame-to-system interconnects are
collected into cables along the top edges of the frame assembly
and lead to the connectors on the front cover as shown in Figure 7-13.

The assembly of frames, the base, tile front cover and connectors,
and all wiring is removable from the case as an assembly. All
soldered interconnects and cabling are readily available duri**g
manufacturing or for maintenance. For further access to the
frames, the base and the tension tubes are removed and any ol_c
frame may then be removed from the assembly without disturbing
the adjacent frames.

Environmental Requirements. The mechanical design is based upon

the environmental requirements as specified in AROD Spec-3 and

as clarified in various correspondence with Brown Engineering.

These requirements are summarized as follows:

Temperature - -Z0°C to +85°C with all heat transfer by conduction

to the mounting surface. (In some vehicles the mounting surface

is maintained at 27°C with a maximum heat flux of 2.5 watts/inZ).

Altitude - Sea level pressure to l0 -9 millimeters of mercury.

Vibration - Random Noise Test:

Test Time Test Level Density

180 sec. IZ.0g RMS .073 Z/cps

420 sec. 7. 5g RMS 028 ggZ/cps

(Preliminary information for equipment mounted on

the cold plate in Saturn IB instrument unit indicates

a more severe vibration level as follows):
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Random Noise Test

'rest Time F recluei}cy Range Density

30 sec.

ZO - lO0 cps

i00 - i000 cps

I000 - ZOO0 cps

+19db/octave

• 9 gg/cps

- 10db/octave

IZ0 sec.

ZO - I00 cps

I00 - I000 cps

1000 - 2000 cps

+i0 db/octave

•ZZ g2/cps

-10db/octave

Shock - Half sine wave 40 g RMS for 6 to Ii milliseconds. Three

impacts in each of the three axes.

Moisture - 95% relative humidity for 48 hours. (I0 cycles of

temperature from Z5°C to 75°C to Z5°C).

Salt Spray - 48 to 72 hours.

Thermal Shock - +75°C to 10°C within 5 minutes, three cycles.

Acceleration - Z0g for one minute.

Acoustic Level - 160 db random noise.

Pressurization - The units are to be fully pressurized and have a

minimum of 5 psig at lift off.

In addition to the environmental requirements, various mechanical

requirements were set forth in the MSFC Astrionics Division Guide

Line Procedure 09-5, Design of Electronic Component Housing4 for

Flight Equipment. The mechanical design of the AROD units will

meet all of these requirements.

Detail Design. The three housings or cases are identical in size

and construction. The top and sides will be made from 0.06 thick

aluminum and the bottom, or base, will be approximately 0. 75

thick. The thickness in the bottom is required to eliminate dis-

tortion or warping due to pressure changes. The bottom is

actually constructed in two hollowed-out sections, giving n_axi,ntun

stiffness with minimum weight• The upper section serves as the

base for the frame assembly and is assembled and removed with

that assembly. The lower section is built as part of the cas_:. The
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screws holding the frames to the upper base need not be sealed, and
their clearance holes through the base are slotted to take care of any
tolerance build-up from frame to frame assembly into the case and to
fasten the two base sections together, forming a honeycomb-like
structure. By removing the upper base with the frame assembly, the
tolerance problem is eliminated and the number of screws required to

be sealed is reduced from twenty-four to nine. The additional thermal

joint will amount to less than 5 per cent of the total thermal resistance

from a component in a frame to the vehicle cold plate.

Case I. Case I contains 11 frames and, with the exception of the r-f

converter, all frames will contain r-f encapsulated modules. Ten

frames will be 0. 9 inches wide and, one, the r-f converter, will be

2. 5 inches wide.

All of the frames containing r-f encapsulated modules are constructed

alike. They consist of an aluminum pan-like frame, stripline printed

circuit, and up to 20 encapsulated r-f modules. The modules are sol-

dered to the strip!ine circuit board and, when assembled in the frame,

are compressed against the back of the frame. By using a contaci

cement between the modules and the frame back, a stiff, rigid assembly

is fornaed. The modules serve as separators, making use of their

natural high compressive strength, and the stripline board and frame

back act as the outer tension members. The r-f circuits dissipate

little heat, and so the weight of the metal frame and hardware parts

can be reduced to less than 0.19 pounds for each frame assembly.

Case II. Case II contains twelve frames. Nine of these contain r-f

encapsulated modules and the construction is similar to the r-f l l'a_les

in Case I. The vehicle tracking transmitter is packaged into two

frames, one 0.9 inches wide and one 1.8 inches wide. The Vehicle

command transmitter is packaged in a 0. 9-inch wide frame. The

three transmitter frames are constructed with point-to-point ch,_sis

techniques and have thicker aluminum sections due to the increased

heat being conducted to the base.

Case III. Case III is made up of frames containing digital type cir-

cuits. These circuits are packaged in eleven frames all 0.9 inches

wide, except for the power supply which is Z.0 inches wide.

Each frame consists of two circuit boards, each containing up to

nine integrated circuit (I/C) modules (17 modules maximum per sub-

assembly), ten conventional welded cordwood modules or a combina-

tion of I/C and conventional modules.
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Thermal Design. A summary of the power being dissipated from each

frame in the three cases is as follows:

Case I

R-F Converter

I-F Amplifier & Channel Filter

Mixer and Doppler Extractor (four frames)

Carrier and Tracking Filter (four frames)

Master Oscillator

Total

0. I w

0.5w

1.6w

3.4w

3.0w

8.6 watts

Case II

Range Tone Loops (four frames)

Frequency Determining (four frames)

Base Frequency Generator

Vehicle Tracking Transmitter -1

Vehicle Tracking Transmitter -2

Vehicle Command Transmitter

Total

2.8w

2.0w

0.4w

32.3w

21.9w

6.3w

65.7 watts

Case III

Modulation Tone Synthesizer

Range Tone Reference Generator

Range Tone Extractor (four frames)

Command Logic (two frames)

Power Supply

Velocity Extractor & Timing Code Synthesizer

Telemetry and Memory

Total

0.25w

1.72w

8.40 w

7.70w

30.00 w

4.00 w

2.57w

54.64 watts

Analysis of the thermal paths was made for the different types of

frames. Wall thick Less was determined which would limit component

temperatures to an allowable limit. These calculations were based on

55 watts of heat to be dissipated from the case to an 85°C vehicle sink.

'Fhis is a good assumption for Case II or Case III. Case I has less

than 9 watts total dissipation and was not considt_red for thermal cal-

culations. The maxin_um allowable ten_peraturc grandient from the
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sink to the structure inside a frame is 15°C assuming a maximum
frame structure temperature of 100"C.

The thermal analysis consisted of determining the thermal gradient

from the 85°C sink to the frame base. Subtracting this gradient from

the maximum allowable total gradient within the frame structure, and

using this allowable gradient the necessary frame wall thickness was
caiculated.

Assuming a thermal contact resistance of 1.0°C-sq. in. /watt (not con-

sidering the advantage gained with the use of silicone grease) at each
of the three base interface contacts, the results of the calculations

indicated that a thermal gradient of approximateIy 3.0*C would exist

between the 85"C sink and the frame mounting surface.

Subtracting the 3"C gradient from the 15°C allowable gradient results

in an allowable frame gradient of 12*C.

Strebs Analysis. A stress analysis was performed to (1) aid in the

choice of an optimum design for the structural elements of the housing,

(2) to limit the deflection of the base to less than 0.003-inch, and (3)

to ensure that other portions of the pressurized housing were not over-
stressed.

The requirement for a very smaI1 deflection of the base necessitated

a rigid structure. The moduies inside the housing also require a

rigid mounting surface to survive the rigorous vibration environment.

With minor sacrifice in the thermal design, see paragraph 7.4.4.2,

this is done very efficiently by the use of a honeycomb type base.

This type structure is the most efficient way to use materialand, in

this instance, it is combined with other requirements.

The remaining critical sidewalls have stiffeners added to reduce the

requirement for thickness and provide the necessary strength.

The optimum weight design is not necessarily the limiting design,

since other requirements such as thermal behavior, and manufacturing

processes, must also be considered. In the consideration of all the

design criteria, many structural designs were evaluated in evolving

the over-all design.

Unit Size and Weight. All three AROD units are the same size and

Figure 7-15 is an outline drawing showing the over-all size and
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mounting dimensions. The weight and power dissipated in eacl, case
are summarized as follows:

Unit Weight Power Dissipated

Case I 21.9 lb 8.6 watts

Case I1 21.5 lb 65.7 watts

Case HI 19.2 lb 54.6 watts

62.6 ib 128.9 wattsTotal System

7.5.4.6

The above weights are based on aluminum for all case and structural

parts. If magnesium were used for the front cover and case, approxi-

mately 2.3 pounds per case could be saved.

Reliability - Mean-time-to-failure (MTBF) studies were made for

the AROD vehicle-borne equipment based upon the subsystem com-

ponent parts lists. The basic assumptions concerning part types,

derating information, and reliability screening philosophy are dis-
cussed below.

The component part failure rates which were used to estimate the

total equipment MTBF were obtained from Motorola Special Memoran-

dum 188 (SM188 revision 3-20-64) "Basic Part Failure Rates". This

information is derived by continuing analysis of the results of large

scale parts tests, by study of equipment failures in the field, and by

consideration of application limitations. Where applicable, SM188

has adopted RADC's published failure rates, however, as would be

expected, _ome rates vary widely from those reported by RADC due

to variable such as manufacturer, procurement specifications, and

the manner in which the part is applied.

Consistent with the high-reliability requirements of Exhibit III, it is

assumed that a high reliability program would be implemented.

Generally the type of screening considered would be performed by

the part vendors and would include power/temperature aging tests

along with critical parameter drift measurements. The screening

failure rate adjustment factors are included as part of SM-188. These

failure rates are summarized in Table 7-11.

The failure rates given in Table 7-11 are considered to apply to a

fixed laboratory type environment. To account for the more severe

environment assumed for missile standby operation, SM188 recommends
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that the equipment failure rate be adjusted upward by a factor of 2. 3
to 1.

Application of these failure rates to the AROD component count gives
the results shown in Table 7-12,

Ecluipment Function

Frequency Synthesizer

Tracking Transmitter

Tracking Receiver #1

"rracK,_n_ R_..Iver #2

Tracking Receiver #3

Tracking Receiver #4

Command Transmitter

Digital Equipment

Power Supply

Total

Adjustment for Missile

Standby (_ 2.3) = 7800 hours

MTBF

(hours}

1, 210,000

39,970

166,380

166,380

166,380

166,380

543,420

813,340

361 240

Failure Rate

%/1000 hours

•083

2. 500

0. 601

0. 601

0.60i

0. 601

0. 184

0. 123

0. 277

17, 95O 5. 571

TABLE 7-12. FAILURE RATIOS

The largest contribution to the equipment failures is seen to be the

cavity amplifier with its associated high voltage power supply. The

corresponding MTBF without the cavity amplifier is 28,006 hours,

or, when adjusted to the missile standby conditions, 12, 160 hours.

Further improvement of this figure can be realized by some environ-

mental control during standby, and by continuing parts improvement

programs.
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7.5.4.7 Conclusions- The packaging study of tile model AROD Vehicle-Borne

Equipment has resuited in a tentative design which is housed in three

independently mounted cases. Each of these cases contains a number

of replaceable frames upon which replaceable modules are mounted.

The gross physical characteristics are as follows and shown ia '['able 7-13 :

Case

I

2

Contents

Receivers &

Synthesizer

Range Tone

Loops &

Transmitters

Digital Equip-

ment & Power

Supplies

Size

13-3/4" X 7-1/8" X

5-1/2"

13-3/4" × 7-1/8" ×

5-1/2"

Weight

21.9#

21.5#

13-3/4" X 7-1/8" X

5-1/2" 19.2#

8.6w

65.7

54.6

TABLE 7-13. Physical Characteristics of Frames

Total Weight 62.6 lb

Total Power Consumption 128.9 + 18.0 = 146.9 watts

Each of these units is independently pressurized and is capable of

withstanding the environment specified in Exhibit III "Tentative

Environmental Conditions and Specifications"

The digital low frequency and the high frequency radio equipment ,tre

packaged in a compatible manner with maximum usage of microelec-

tronic techniques subject to the constraints of

1. development time,

2. relative cost and

3. anticipated failure rate.

There are two features of the model design which appear to pl_,cc

penalties greater than their value upon the system. The tunnel

diode amplifier achieves approximately 2 db improvement in system
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SECTION 8.0 - SUGGESTED SYSTEM DESIGN

8.1

8.1.1

8.1.1.1

This section defines the design suggested for the next development phase

of the A_ROD system. The suggested design is detailed in terms of the

functional requirements, inputs and outputs, performance criteria, design

guidelines, proposed design, and specifications. General requirements are

given in the performance criteria and specific requirements in the specifica-

tions. Where the specific requirements cannot be defined due to particular

usage, they have been left for later definition. In these cases, and wherever

different from those specified, the values involved in the brass board models

have been given in parentheses.

Vehicle System

The major functions of the vehicle system are to

, transmit Standby, On (Acquire), Track and Off commands to selected

transponder s,

tran,_mit a continuous wave carrier modulated with range modulation

tone s and

, extract range and range rate information from the signals received

from four transponders simultaneously.

The secondary functions of the vehicle equipment are to

, label each range and range rate data readout with "time of extraction"

and transponder site identification and

store the labeled data until the storage is interrogated by a telemetry

readout pulse.

The following sections describe the subsystems which comprise the vehicle

system (see Figure 8-I).

Vehicle Master Oscillator and Frequency Synthesizer (VMO/FS)

The master oscillator is the source for all phase coherent signals used in

the AROD vehicle system. The frequency synthesizer generates all source and

reference signals required by the vehicle system from the output of the nlaster

o sc i[lato r.

Functional Requirements - The major functions of the VMO/FS are to

, provide a signal with an exact and very stable frequency and good

spectral purity and

_o generate all signals required by the vehicle system. (Each signal must

be phase coherent with the master oscillator and retain the signal

characteristics thereof. )
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The secondary functions of the VMO/FS include providing

i , the capability for frequency adjustment over a narrow range to allow

compensation for the effects of aging and

a signal which can be used to calibrate the frequency of the master

oscillator {preferably 100KHz for use with a VLF receiver).

The functional requirements must be met under a wide variation of loading

and with no interaction between outputs.

8. I. i. Z Inputs and Outputs -

Inputs. DC supply voltage from power supply.

Outputs. See Table 8-i.

8. I. 1.3 Performance Criteria - The performance criteria for the VMO/FS are as

follows:

Frec_uency Stability. The frequency stability requirement is determined

by the time readout accuracy desired. For a I0_ s readout error in a five

minute interval, a stability of 3 parts in 108 is required.

_. The "signal-to-peak noise" ratio should be as high as possible and

can exceed 60 db with careful design.

Amplitude Stability. No amplitude modulation should exist.

variations in signal level should not exceed +0. 5 db.

Long term

Coherence. All output signals should retain the quality of the master

oscillator signal and be phase coherent under all conditions of environment

and load.

8.1.1.4 Design Guidelines - The master oscillator should be crystal controlled and

include a proportional control oven to minimize temperature fluctuations

of the crystal. The oven design should be such that a minimum of power

is required.

Maximum use should be made of digital circuits to minimize weight, volume

and power consumption.

Careful design is required to reduce the crosstalk and feedback of one signal

to another to an acceptable level.
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8.1.1.5

8.1.1.6

proposed Design - The synthesis technique is based on the use of a 3.2

MHz master oscillator.

The basic synthesizer is shown in Figure 8-2. It provides the frequencies

used in the synthesis of all output frequencies. No change will be required

in the basic synthesizer for any frequency allocation which may occur.

Figure 8-3 shows the synthesis of the output frequencies. Each of these

output frequencies may be changed in increments equal to the reference

frequency applied to the phase detector. The channel bias frequencies,

receiver, first local oscillator, VTT drive frequency and command drive

signal must have this capability to accommodate changes in frequency

allocation for the different carriers.

The dividers are digital where possible. (Digital operation is limited to

approximately 35 MHz at present.) Single step division by large numbers

as shown in Figure 8-4 is possible with the digital technique i11ustrated in

the following example.

The circuitry shown in Figure 8-4 consists of control logic elements and

a binary counter which counts backwards from a preset number to zero.

The gated inputs to the binary counter control the number that is preset

into the counter. The gated inputs for this divider are set in the divisor

in binary form. The divisor is automatically set into the counter each

time it reaches a zero count.

.A number of input pulses equal to the divisor are required to advance the

counter from its preset value to zero. Pulses generated midway in the

count and at zero count are used to control the output flip-flop as illustrated

in the timing diagram. As soon as the zero count is reached, the binary

divisor is reset into the counter and the division repeated.

The value of the divisor is determined by adjustment of the size of the

counter and the gating required. The input frequency is limited only by the

switching speed of the logic elements.

Specifications -

Master Oscillator.

I. Long term stability

2. Short term stability

3. Frequency

4. Spurious Outputs

5. Power Output

6. Output Impedance

x I0-7124- hours1

i x i0_11/50 ms

3.20 MHz

60 db down

1 mw

50 ohms
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69. 00625 MHz

5i. 2 MHz

7-

6.25 kH_._
_.00625 I COMMAND DRIVE SIGNAL

z VCO

• i I_ 12_
l VCO

25 kHz L

71. 125 MHz

I VTT DRIVE FREQUENCY

65. 625 MHz

400 kHz __ .<

.{

NNEL

÷ 9 -J VCO

FIRST ,,v._,.._T_,_ r OSCILLATOR

BIAS FREQUENCIES

I _ 3.6 MHz

I
"_ 32 8 MHz

,

-- 36.4 MHz_91 _ vco I

DOPPLER, PHASE DETECTOR AND RANGE UNIT REFERENCES ,_ 12.8 MHz

,_ 5I. 2 MHz

_ I0.24 MHz

DOPPLER MIXING FREQUENCIES

6.4 MHz _ VCO

.-y ,

51.2 MHz _i X 2

_-J I 98. 248X I0 "_ MHz

6.25 kHz

_ I02.4MHz

Figure 8-3. Block Diagram - Frequency Synthesizer
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8.1.2

8.1.2.1

Fre cluenc y Synthe size r.

I. Outputs Per Table 8-1

2. Spurious Outputs 60 db down

Vehicle Command Logic (VCL)

The vehicle command logic accepts input signals from other vehicle-borne

equipment. With this information plus information stored in its memory

circuits, it makes the decisions necessary to control acquisition and release

of transponder stations. Modulation for the vehicle command transmitter

is generated as the decisions are made. Appropriate control signals and

information are also available for telemetry and further use on board the

vehicle.

Functional Recluirements - The functions of the VCL are as follows:

Memory. Provides a nondestructive readout of a site identification code

and an associated maximu___ range for each transponder station. A general

command must be provided for all channels. Memory contents must be

readily changeable.

Decisions. Makes decisions required in selection, acquisition, and release

of ground stations and other related operations. Data stored in memory

and data available from interfacing equipment are used in making these

decisions.

The VCL makes the following decisions:

I. To generate an "off to standby" command common to all transponder

stations at regular intervals.

2. To select transponder stations for assignment to vacant channels

based on a pre-programmed selection sequence.

3. To generate "standby to on" commands for selected stations.

4. To acknowledge transponder acquisition based on digital information

received from assigned stations.

5. To initiate a program to re-acquire a station if lockup is lost during

a fixed time after initial acquisition.
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8.1.2.2

6. To initiate a search for all channels assigned but unacquired.

7. To release a ground station when its range from the vehicle exceeds
a maximum range assigned to it.

8. To release a ground station upon receiving a prolonged "signal-to-
noise exceeded" indication (approximately I0 seconds) if four channels
are tracking.

9. To release unacquired stations from search mode based on
transponder locations.

i0. To set the frequency and initiate a fine sweeping of the vehicle tracking
receiver when the step is made from "on" mode to "tracking" mode.

Message Generation. Generates coded messages for transmission to the

ground stations via the VHF command link. These messages are

I. Off to Standby,

2. Standby to On,

3. Frequency Select,

4. On to Tracking,

5. Tracking to On and

6. Tracking to Standby.

Commands 2. and 3. are contained in the same message.

Inputs and Outputs

Input s.

o

2.

3.

Signal to reset all flip-flops.

Signal to start station acquisition program.

Eight most significant bits of binary information from each of four

range extraction units.
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4. Four signals (one per channel) indicating that signal-to-noise ratios

of ranging tones are above or below a preset value.

5. Four signals (one per channel) indicating vacant channels in the VTR.

6. Timing pulses from the vehicle timing unit.

7. Binary NRZ (non-return to zero) coded digital data from the VTR.

8. Velocity sign inputs from the velocity extraction unit.

9. Supply voltage s.

Outputs.

1. Trinary RZ (return to zero) coded modulation for the vehicle

command transmitter (VCT}.

Z. On - off signal for VCT.

3. Site identification code s of assigned transponder stations for

telemetry.

4. An indication for telemetry that assigned channels are in the tracking

mode.

8. 1.2. 3 Performance Criteria - The VCL shall meet the following performance

criteria:

I. It shall perform under space vehicle environmental conditions.

2. The components selected shall have good reliability substantiated,

wherever possible, by data.

3. The components selected shall have noise rejection and power

consumption characteristics compatible with the system requirements.

8. 1.2.4 De sign Guidelines -

Message Structure.

I. Bit Rate. Several bit rates have been considered between I and 5kc.

The Ikc bit rate, with a pulse width of 0.5 milliseconds is superior,

based on receiver sensitivity and power requirements and on

acceptable delays in command functions.
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Word Length. Each command word of the brassboard model contained

12 bits. It is recommended that this be increased to 16 bits

composed of:

2 bits sync

7 bits site identification

2 bits command

2 bits frequency select

2 bits spare

1 bit parity

The increase in the number of bits in the functional command and

the frequency select portions of the word has been considered in

detail. It is concluded that two bits are sufficient for each because

io the transponder logic anticipates site identification and

functional command of each incoming word ,

o the only incoming bits that are unknown are frequency select

bits and the parity bit and

3. an incorrect word is accepted only when

a. the site identification code is in error and the wrong

transponder is interrogated which is improbable due to the

relative bit spacings in identification codes,

b. one frequency select bit and the parity bit are in error and

all other bits are correct or

c. both frequency select bits are in error and all other bits are

correct.

Trinary RZ Code. RZ code is recommended for multipath protection.

A trinary code is recommended to increase reliability of the command

link by offering positive identification of ones and zeros.
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, Synchronization. Two types of word synchronization have been

considered for the down link command: (I) RE code and (2) one

millisecond pulse preceding data train. The latter technique is

recommended because it allows use of a shorter word length than

the RZ coded method. A one-millisecond pulse succeeded by a one-

millisecond dead time was used successfully for word synchronization

on the brassboard system.

. Number of Transmissions per Word. It is recommended that each

word be transmitted three times successively to increase the

probability of reception at the transponder. Three times is considered

sufficient since all commands are repeated periodically until some

action is taken.

Clock System. Each channel shall be active 48 milliseconds out of a

192-millisecond period. This is based on a word length of 16 bits, a Ikc

bit rate, and a word repetity of three. A general command shall be

generated for 48 milliseconds of every 960-millisecond period and shall

override other coi nn_ands.

A five-channel system was considered, using the general command as the

fifth channel. This has the advantage of no overrides. It was, however,

decided the four-channel system, using the override during general command

transmissions, was adequate and offered greater simplicity.

Station Changeover.

l, Signal-to-Noise Ratio. It is recommended that station changeover

be initiated due to unacceptable signal-to-noise ratio only when all

channels are tracking. When less than four channels are tracking,

a search is being made for new stations and there is no real

advantage in releasing a station due to poor signal-to-noise ratio.

. Maximum Range. Eight most significant bits of range data from

each range extraction channel are compared with stored data to

provide criteria for releasing ground stations. This permits range

to be determined within approximately five miles, which is

considered sufficient. Range data is taken from the buffer registers

of the range extraction unit eliminating the need to inhibit active

registers during data transfer.
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Transponder Search. The following search routine is proposed:

• Transponder stations are assigned in groups of four to allow

approximate position information of the vehicle with respect to

available stations. This grouping does not restrict selection of

transponder stations in any way.

_o Assigned but unacquired stations are searched for at approximately

one- second intervals.

. Assigned but unacquired stations of a particular group are released

from search when any one station being tracked in that group is

released in the normal manner. These stations are replaced by

new stations programmed to be contacted next.

. All transponder stations from which useful information is being

received are retained.

A more flexible search routine considered was:

I. When three channels are acquired, the fourth channel is searching

for two channels alternately. When less than three channels are

acquired, the search routine described above is used.

. Each site identification code stored in memory has an alternate.

. When a station changeover occurs, the new prime station is searched

for a fixed time. If it is not acquired during this time, its alternate

is searched for a fixed period of time. If its alternate is not

acquired, it is assumed that both stations are out of range, and the

prime station replaces its alternate and remains in search.

. If the alternate station is acquired, the prime station remains

available as a third alternate for the next multiple search routine•

Although the latter search technique offers more flexibility than the former,

it is not recommended because of complexity and lack of real usefulness

with regard to the AROD mission. It is assumed that any global tracking

mission of the AROD system will utilize an on-board computer which will

replace most transponder selection logic.
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8. i.Z•5

Uplink Command.

• Bit Rate. A Ikc bit rate is selected based on receiver sensitivity

and power requirements•

2, Word Length. The word length is uncertain at this time. Word

synchronization, site identification, doppler approximation, and

transponder status information is under consideration for inclusion

in the word.

, Binary NRZ Code• A binary NRZ code is recommended to allow

increased receiver sensitivity and simplicity of modulation• This

recommendation assumes that multipath is not a consideration•

• Synchronization.

re commended.

format used.

A binary NRZ word synchronization code is

This type of code is necessary because of the word

Prooosed r_==; .... Tho Vehicle Command Logic (VCL) controls selection,

acquisition, and release of transponder stations located .... the

path of the vehicle. The system monitors the status of the communication

links between the vehicle and assigned transponder stations and generates

"standby to on", "on to tracking", "tracking to on", and "tracking to

standby" commands for these stations as required. An "off to standby"

command common to all transponder stations is generated every 960 milli-

seconds and overrides all other commands. The VCL contains four tracking

channels whose operation is time shared so that only one transponder station

can be interrogated at a time. Each channel is active 48 milliseconds out

of a 192 millisecond period. The description of the VCL is divided into

four parts: (I) initial assignment, (Z) on to tracking mode, (3) station

changeover, and (4) search mode operation.

Initial Assignment. All necessary flip-flops and registers are reset by a

master reset pulse prior to initial assignment. Receipt of an initiate pulse

causes assignment of the first four programmed transponder stations to

the four tracking channels• The "on" command words are formed for these

stations and are transmitted three times every 960 milliseconds until the

stations are acquired or released.

"On to Tracking" Mode. The VCL receives this data and compares the site

identification code with the site identification code transmitted to the selected

station. When the transmitted and received codes compare, doppler

approximation and transponder status data are processed and an "on to

tracking" mode command is transmitted to the transponder station. This
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8.1.2.6

8.1.3

8.1.3.1

command stops the transmission of transponder data to the vehicle and

initiates removal of doppler offset from the tracking link. The doppler

approximation obtained at the vehicle is used to step the local oscillator

in the VTR to the tracking frequency without doppler offset and to initiate

a fine sweep for the corrected frequency received at the vehicle. Frequency

lock should be maintained during this acquisition process. If for some

reason lock is lost during this transition period, a "tracking to on" command

is transmitted to the transponder and the acquisition process is repeated.

Station Changeover. Station changeover is based on two considerations:

{I) maximum range and {2) signal-to-noise ratio of information tones. The

maximum range for each transponder station is stored in the VCL memory.

Actual range for each assigned station is applied to the VCL from range

extraction units. The comparison is made in the VCL to determine when

to change stations. Signal-to-noise ratio information is computed external

to the VCL. When S/N of the ranging tones drops below a preset value, a

signal is applied to the VCL which initiates station changeover, only if all

channels are tracking.

Search Mode Operation. "On" commands for assigned but unacquired

transponder stations are transmitted every 960 milliseconds. These stations

are said to be in the search mode. The decision to release transponder

stations from search mode is derived from the tracking status and location

of acquired stations. As each transponder station is released, it is

reassigned to the available station programmed to be contacted next.

Block Diagram (See Figure 8-5)

Specifications - Specifications for the input and output signals will depend

on the type of circuits selected to implement the VCL. The major

considerations for the selection of these circuits are those set forth in the

performance criteria.

Vehicle Command Transmitter (VCT)

The Vehicle Command Transmitter provides the information modulation,

and power amplification for the command transmission from the vehicle to

each transponder site.

Functional Re quire me nt s -

Modulation. The command information pulse-code modulates two subcarrier

oscillators, one for binary "ones" and one for binary "zeros" The
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subcarrier oscillator outputs are angle modulated onto a submultiple of the

output frequency•

Amplification.

The modulated carrier is amplified to obtain the required output power level.

Multiplication.

The input carrier frequency is multiplied prior to modulation and the

modulated carrier subsequently to obtain the required output carrier

frequency.

Filte ring.

Spurious radiation is suppressed by appropriate filtering.

8. 1•3.2 Inputs and Outputs -

Inputs•

. Carrier. An input carrier signal is provided from the Frequency

Synthesizer• The frequency of this signal is a convenient integral

submultiple of the output carrier frequency.

Modulation• Command information is provided on two inputs• Both

inputs are positive-going square waves with a maximum repetition

rate of IkHz. The signals are aperiodic with a repetition time

determined by the "ones" and "zeros" in the binary coded command

respectively.

0 Supply Voltages• The required supply voltages are provided by a

source external to the transmitter.

Output s.

l • Modulated Carrier• The modulated carrier is fed to the Vehicle

Command Antenna.

Monitoring Signals. Monitoring signals are routed to telemetry to

indicate equipment performance.

8. 1. 3. 3 Performance Criteria -

Efficiency. The transmitter configuration should be designed for maximum

overall efficiency consistent with the requirements of reliability, size, and

weight.
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8.1.3.4

Stability and Purity. The transmitter is to provide the required power

output without excessive AM, amplitude variation, or incidental FM. The

modulation indices are to remain stable under varying environmental

c onditions.

Design Guidelines - The frequency of the input carrier should be selected

for compatibility of the Frequency Synthesizer and the transmitter. A

convenient integral submultiple of the output carrier frequency should be

chosen by the equipment designer. Large integral submultiples should be

considered to reduce RFI problems due to the interconnection.

For weight and size reduction, an all solid-state transmitter is desirable.

For maximum efficiency, the power amplification should be performed as

near the output frequency as possible.

For various reasons, the output frequency allocation for the transmitter is

subject to change. A period of several months will be necessary for

modification of the transmitter. Broadband, tuneable, and modularized

circuits should be considered to make the changes as economical as possible.

Proposed Design - The recommended configuration is shown in Figure 8-6.

Specifications -

I. Output Carrier Frequency. 138MHz

Z. Tuning Range. 130 - 175M/-Iz

. Bandwidth (+0.5db). 40KHz minimum

4. Bandwidth (3db). 100KHz minimum

5. Power Output. 6 watts

6. Output Impedance. 50 ohms

, Spurious Outputs. Less than -40dbm

, Modulation Index. Adjustable from 0. 5 to I. 5 radians at the output

with a stability of +10% at each setting

, Modulation Linearity. +1.0% deviation from best straight line

approximation over +20k_Hz

I0. Operating Voltages. As required
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8.1.4

8.1.4.1

8.1.4.2

II. Monitoring Signal. A DC voltage proportional to the RF power output

over the range from 4 to 8 watts. The DC voltage is to remain in

the range of 0 to 5.0 volts into an impedance of i00 K ohms.

Vehicle Tracking Transmitter (VTT)

The transmitter provides the modulated tracking carrier that is sent

to all AROD ground stations within "line-of-sight". The range

modulation and a submultiple of the output carrier frequency are

supplied by the Frequency Synthesizer for use in deriving the modulated

tracking carrier. This modulated tracking carrier is transmitted to the

transponder where it is offset in frequency and retransmitted to the vehicle.

Functional Requirements -

Modulation, The range modulation is angle modulated onto a submultiple

of the output carrier frequency, The modulation index at the modulator

is chosen to provide wide angle modulation at the transmitter output.

Amplification. The angle n_odulated carrier signal is amplified to obtain

the required output power level.

Multiplication. The input carrier is multiplied initially and the modulated

carrier subsequently to obtain the required output carrier frequency and

the proper modulation index,

Filtering. Spurious radiation is suppressed by use of appropriate filtering.

Inputs and Outputs -

Inputs

. Carrier. An input carrier signal is provided that is derived in the

Frequency Synthesizer. The frequency of this signal is a convenient

integral submultiple of the output carrier frequency.

. Range Modulation. Range modulation is provided by the Frequency

Synthesizer. This signal has a complexwaveforn_.

. Supply Voltages. The required supply voltages are provided by a

power source external to the transmitter.
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8.1.4.3

Outputs

I. Modulated Carrier. The modulated carrier is fed to the Vehicle

Tracking Antenna via the duplexer.

Monitoring Signals. Monitoring signals are routed to telemetry

to indicate equipment performance.

Performance Criteria -

Efficiency. The transmitter configuration is designed for maximum

over-all efficiency consistent with the requirements of reliability,

size, and weight.

Phase Characteristics. This transmitter is a part of a system

performing phase measurement. This requires that the following

be minimized:

1. Phase jitter on the carrier.

2. Differential phase jitter between the carrier and sidebands.

0 Change in differential phase shift between the carrier and

sidebands.

, Time required for the differential phase shift between the

carrier and sidebands to stabilize.

Modulating Signal. The modulating signal has a complex waveform

resulting from the linear addition of discrete signals. These signals

may include sinusoidal, triangular, sawtooth, or square waveforms

with frequencies ranging from 0 Hz to 25 MHz.

Modulator Characteristics. The modulator is to have the following

performance characteristics:

I. It is to produce a modulatedwaveform with good linearity.

. The modulation index at the output of the transmitter is to be

stable.

. It is to produce a modulation index at the output of the trans-

mitter up to 20 radians.

. The transmitter is to contain both a phase modulator and a

frequency modulator.
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8. I. 4.4 Design Guidelines

The frequency of the input carrier is to be selected for compatibility

between the Frequency Synthesizer and the Vehicle Tracking

Transmitter. A convenient integral submultiple of the output carrier

frequency is to be chosen by the equipment designer. In the design

study model of this system, the thirty-second submultiple was

chosen and no unusual problems were encountered. However, a

lower input frequency would reduce the design problems by reducing

RFI in the transmission from the Vehicle Frequency Synthesizer.

The multiplication can be accomplished in a number of ways. Studies

indicate that conventional types of multipliers can be used efficiently

in some cases up to 400 MHz. For higher frequencies, either a

varactor or a step recovery diode is required. The varactor operates

most efficiently as a doubler. However, studies have shown that an

appreciable savings in weight can be obtained in some cases by use

of varactor quadruplers. A step recovery diode is useful when a

large multiplication factor is required at a low power level.

A study has been made of available devices for use in the output

stage of the transmitter. The study included the traveling wave tube,

the amplitron, the triode, and the klystron amplifiers. The TWT

and triode offer the greatest possibility because of proven reliability.

Of these two, the TWT is favored because of its greater reliability

and because its high gain allows the use of the step recovery diode

for high-order multiplication resulting in an over-all size and

weight reduction.

For various reasons, the output frequency allocation for the trans-

mitter is subject to change. A period of several months will be

necessary for modification of the transmitter. Broadband, tunable,

and modularized circuits should be considered in the transmitter to

make the changes as economical as possible. The carrier input

from the synthesizer may be changed to an integral submultiple of

the new output frequency, if desired.

Wide angle modulation is required. The modulator may be employed

prior to multiplication of the carrier frequency to minimize the

difficulty in design of a linear modulator. The modulation index at

the output will be the index at the modulator multiplied by the factor

by which the carrier frequency has been multiplied. The transmitter

should include both a frequency and phase modulator.
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8. I. 4. 5 Proposed Design -

Devices which could provide the required power output were considered

during the design study program. Table 8-2 summarizes the important

results of these preliminary investigations.

Device

Solid

State

TWT

Cavity

Amplifier

Amplitron

Klystron

Model

No.

349H

210H/

394H

QKS9974

Vendor

HAC

HAC

Raytheon

Litton

RF

Power

Out

(wa_s)

I0.0

20.0

10.0

20.0

25.0

RF

IDOW e r

In

 va s)

0.010

O. 05O

0.5

0.20

0.04

Efficiency

Fair

Good

Good

Fair

Excellent

Good

Reliability

Good

Excellent

Not

Proven

Good

Not Proven

Not Proven

Table 8-2. Comparison of Output Power

Amplifiers

The TWT is recommended for the output stage of the transmitter

based on the results of the design study program. The recommended

configuration for the transmitter using the TWT and associated

circuitry is shown by the block diagram in Figure 8-7.

The required frequency modulation may be accomplished by the use of

a voltage controlled oscillator. This VCO is frequency locked to the

Vehicle Master Oscillator by the phase-locked loop. The phase-locked

loop consists of the divide by 2N stage, phase detector, lowpass filter,

and linear adder. This method of locking to the master oscillator

introduces a problem when the range modulation is applied as the

modulation frequencies are fed back through the phase-locked loop.

The low pass filter can be made sufficiently narrow to reject these

modulating frequencies at the expense of a narrow locking range. This

solution would place stringent frequency stability requirements on the

VCO and require complex filtering. It appears that the modulating

frequencies may be passed by the PLL filter and the modulation

index adjusted by the combination of the range modulation applied to
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8.1.4.6

the linear adder. The frequency of the VCO has been selected such

that a large multiplication ratio is required to achieve the proper

output frequency. Since the modulation index is also multiplied by

the same ratio, the large modulation index at the output can be

obtained with a much smaller index at the modulator.

The VCO output is fed to a times four multiplier. This multiplier

can be a pair of tuned transistor doublers or one quadrupler.

The phase modulator is incorporated into the transmitter to provide

means of placing various types of information, other than range

modulation, on the carrier. The bandwidth of the modulator should

be DC to 5 MHz since the modulation can be complex waveforms

with frequency components over this range.

The phase modulator provides the input to a times sixteen multiplier.

A step recovery diode is recommended based on its simplicity,

small physical size, and wide bandwidth of spectra components.

The bandpass filter passes the desired frequency component to the

TWT and rejects all spurious signals. The bandpass filter is placed

ahead of the TWT so that the insertion loss will be at low power

level. This results in a higher over-all efficiency and simplifies the

filter design.

The TWT provides the final power amplification and feeds the lowpass

filter with the required output power level.

The lowpass filter provides additional rejection to spurious signals

with a minimum loss in output power. The output power is monitored

by sampling the output of the lowpass filter with a diode detector.

The particular configuration chosen should be selected such that the

output frequency can be changed with minimum change of component

parts. In the recommended configuration, the VCO, divide by N

stage, times four multiplier, and bandpass filter must be changed to

accommodate an output frequency change.

Specifications -

I. Output Carrier Frequency. 2276.4240 (± 0.0023) MHz

2. Tuning Range. 2200 - 2450 MHz

3. Bandwidth (± 0. 5 db). 20.0 (+ 5. 0, - 0.0) MHz
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5.

6.

7.

1

.

I0.

II.

12.

Bandwidth (3.0 db). 50.0 (+ 5.0, - 0.0) MHz

Power Output. 10.0 (+ 2.0, - 0.0) watts

Output Impedance. 50 ohms

Phase Characteristics. Change in differential phase shift between

the carrier and sidebands due to temperature variations shall be

less than ± 1.0 degrees.

Change in absolute phase shift of range modulation due to temper-

ature variations prior to modulation shall be less than ± 0. 5 degrees.

RMS phase jitter of differential phase shift between carrier and

sidebands shall be less than± 1.O degrees.

Spurious Outputs. Spurious outputs within the 3 db passband of

the Vehicle Tracking Receiver shall be less than -120 dbm. All

other spurious outputs shall be less than -40 dbm.

Carrier Input Signal. This signal is to be =_,_._.,._I_°_by the

Frequency Synthesizer section and the detailed specifications are

to be selected by the designer for compatability between these
two functional sections.

Range Modulation Input. The detailed specifications of the range

modulation are covered in the Frequency Synthesizer section.

Modulation Index. Adjustable from 5.0 to 20.0 radians with a

stability of ± 1.0 per cent at each setting.

Modulation Linearity. ± 1.0 per cent deviation from best straight

line approximation over ± 2.0 MHz.

Operating Voltages. As required.

Monitoring Signal. A DC output proportional to the RF power

output over the range from 8 to 14 watts. The DC voltage is to

remain in the range of 0 to 5.0 volts into an impedance of 100

k ohms.
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8. 1. 5 Vehicle Tracking Receiver (VTR)

8.1.5.1

The vehicle tracking receiver provides continuous reception of the

signals from the transponder tracking transmitters. Simultaneous

reception of the four transponder stations is provided by the four

channel IF section which follows the wideband common RF section.

The receiver extracts from the received signals; range and range

rate data, station identification information, and input signals

presence and strength. Each channel employs phase-locked loops

for tracking the signal dynamics produced by vehicle motion with

respect to the transponders.

Functional Requirements -

Amplification. The input signals from the four operating transponders

are amplified to a usable power level. This is accomplished by a low

noise wideband RF section common to all signals received and the

IF section associated with each channel.

Demodulation. The four range tones and station identification

information are demodulated from the carriers in each channel such

that minimum phase errors are introduced when the received signals

are subjected to doppler frequency shift and acceleration.

Filtering. The noise power associated with the four carriers is

reduced by narrow band tracking filters (phase-locked loops). The

noise power on the demodulated range tones and station identification

information is reduced by narrow band tracking filters (phase-locked

loops) or bandpass filters.

Tracking. The four tracking loops are capable of phase-locking to

the four carrier components of the modulated signals from the

Transponder Tracking Transmitters such that range rate may be

determined to the specified accuracy.

Isolation. Sufficient i._nl_tlo___ is pro,ld=d b=_ween the four channels

that range and range rate data may be extracted to the specified

accuracy.

Operational Status. A signal is provided that indicates when the

carrier phase-locked loop and fine range tone loop have acquired, and

a signal proportional to the received signal strength is produced.
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8. 1.5.2 Inputs and Outputs -

, Input Signals. Transmitted signals from four transponder

stations which have been spatially acquired by Vehicle Tracking
Antenna.

2. Local Oscillator. Submultiple of local oscillator input for

first mixer and 62. 625 MHz from Vehicle Frequency Synthesizer.

. Signal Processing Inputs. Input from the Vehicle Frequency

Synthesizer for the first and second mixer, 102.4 MMz and

98. 248 MHz, respectively, for the velocity data extraction.

. Reference Frequency. Carrier phase detector reference

frequency from Vehicle Frequency Synthesizer.

. Channel Bias Frequency. Three channel bias frequencies for

bias mixers from Vehicle Frequency Synthesizer.

. Fine Range Tone. The fine range tone for the range correlation

mixer from the Vehicle Range Extraction Unit.

Outputs

, Range Modulation. The four range tones from each channel for

inputs to the Vehicle Range Extraction Unit.

, Velocity Data. The doppler frequency and polarity from each

channel for inputs to the Vehicle Velocity Extraction Unit.

. Binary Coded Information. Site identification from each channel

for inputs to the Vehicle Command Logic.

. Signal Condition. The received signal-to-noise ratio and

acquisition confirmation from each channel for inputs to the

Vehicle Command Logic.

. Monitoring Signals. The following monitoring signals for each

channel are routed to telemetry to indicate receiver performance:

a. AGC voltage.

b. Acquisition indication.
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8.1.5.3

8.1.5.4

c. Noise level.

d. Signal-to-nois e ratio.

Performance Criteria -

Acquisition. The acquisition time of the various phase-locked

loops must be minimized by techniques that give a high probability

of acquisition.

The correlation technique used to reduce the input modulation index

at the output of the second mixer must be chosen to give optimum

threshold performance.

Signal Dropouts. The receiver must reacquire the input signal

which is being tracked for signal dropouts of a specified time without

reverting to the normal station acquisition procedure.

Amplification. The receiver must provide amplification for the

four transponder inputs with minimum additive noise.

Reliability. The receiver must have maximum reliability to meet

the performance requirements when subjected to space environmental

conditions.

De sign Guidelines -

Group Time Delay. The phase characteristics of all components,

from the antenna to the range tone demodulators, which process the

carrier and range modulation must be such as to minimize the variation

in group time delay of the range modulation caused by signal dynamics

(doppler frequency shift) and changing environmental conditions.

Baseband Time Delay. The time delay (phase shift) of the circuits

that process the demodulated range tones must be such as to provide

the required range accuracy and a high confidence level in the

resolution of range ambiguities.

System Self Noise. The noise generated by the voltage controlled

oscillators, master oscillator, and range tones generator must be

sufficiently below their output signals to assure obtaining the specified

range accuracy and not limit the threshold of the frequency modulation

feedback receiver.
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Frequency Conversion. While the brassboard receiver is a triple

conversion type for the convenience of the manufacturer, dual

conversion could well be used. The frequencies of the IF amplifiers

may be varied, keeping in mind the filter requirement for image

rejection and component limitations. The VCO frequencies should be

limited from stability considerations. With the exception of maintaining

sufficient gain in the RF amplifier to make subsequent noise contri-

butions negligible, considerable latitude is available in specifying

gains of the different amplifiers to accommodate microelectronic

technique s.

Narrow Band Filters. In any proposed receiver configuration, care

must be taken to insure that, where narrow-band crystal filters are

used for selectivity, all doppler shift is removed. In the demodulation

process, the use of phase-locked loops to extract each tone should be

considered with the use of operational amplifiers to attain the large

capacitances required without large sizes. No effort should be

expended on the two mixers and the times ten multiplier which

provides an output to the velocity extraction unit.

RF Section. The selectivity required to isolate the tunnel diode

amplifier from the transmitter signal is very important, since this

leakage could drive the amplifier into saturation causing possible

excessive intermodulation product generation, loss of gain, and

degradation of noise figure. This isolation must be achieved with

minimum insertion loss to preserve system sensitivity. Tunnel

diode amplifier measurements indicate saturation begins at signals

of approximately -30 dbm. The duplexer planned for use will provide

25 db isolation in the leakage pathwhich means that the strongest

signal from the transmitter into the receiver will be reflections due

to antenna mismatch. The design goal for the antenna VSWR will

be I. 23:1 maximum. Therefore,

: = -- = I. 0 (I0 -z)

PT R + 1 2.23

and the power reflected is, therefore, Z0 db down from the transmitted

power.

The isolation required = Power transmitted - Saturation

Level + Safety Factor

= + 40 dbm - (-30 dbm) + 20

= 90 db.

8-31



8.1.5.5

Twenty (20) db of isolation is provided by the duplexer. Seventy

(70) db of isolation, therefore, is required in the bandpass filter.

The isolation calculated, 90 db, is the minimum attenuation

requirement of the receiver bandpass filter at the transmitter

frequency. In addition, the phase versus frequency characteristics

must be linear since the input frequency varies due to doppler.

The filter should have no spurious response within ± l0 MHz of the

image frequency of the receiver (approximately 2314 MHz). The

filter serves to reject leakage from transmitter, reduce spurious

responses of the receiver, and improve intermodulation rejection of
the receiver.

The tunnel diode amplifier provides low noise amplification without

the power consumption, weight, and size required for other low

noise RF amplifiers (masers, parametric amplifiers, TWT's)

while providing a significant improvement over conventional mixer ends.

The tunnel diode mLxer is desired primarily because of the low local

oscillator (L. O.) power required. This low level of L.O. power

may improve spurious response rejection of the receiver as a

result of the reduced levels of the harmonics of the L.O.

Signal Dropout. The proposed 3rd order carrier phase-locked

loop may possess sufficient memory of the doppler frequency shift

and acceleration to allow the loop to reacquire when the receiver is

subjected to fading input signals. This property of the 3rd order

loop should be investigated. If the 3rd order loop does not provide

memory for the specified time duration, additional circuitry must

be provided to enable the carrier PLL to reacquire unassisted by the

transponder station.

This function, as well as others now performed by specialized

equipment, could be performed quite well by an on-board computer.

If and when the computer becomes available, an evaluation of its

usefulness throughout the AROD vehicle system should be made.

Proposed Design - The proposed receiver design is shown in Figure 8-8.

This design has incorporated the following changes with respect to the

Design Study Model to improve performance or accommodate proposed

system changes:
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I. The input signal modulation has been changed.

.

Phase-locked loops are used for demodulation of all range

tones and extraction of binary information.

3. Dual frequency conversion is employed.

4. Identical second IF's are used for all channels.

5. The velocity data extraction technique has been modified.

6. The initial acquisition technique has been modified.

The complete VTR consists basically of one RF section, common

to the signals received from all four transponder stations, and a

separate IF section for each of the four transponder inputs. The

operations performed on the inputs from the four transponders are

identical; consequently, the operation of only one channel is described.

RF Section. The input to the Vehicle Tracking Receiver consists of

the signals from four simultaneously operating transponders. The

center of the resultant frequency spectrum is 2214.2 MHz and is

defined as the tuned frequency of the receiver. This input spectrum

is fed to the RF bandpass filter designed to provide the necessary

isolation between the vehicle tracking transmitter and receiver.

The output from this filter is applied to the tunnel diode amplifier

which provides the low noise figure needed for the AROD system

and has adequate gain to make the noise contribution from the

following components insignificant to the total system noise figure.

The amplified input spectrum goes from the tunnel diode amplifier to

the first mixer which converts the RF frequency spectrum to an IF

frequency spectrum centered at 114.2 MHz. This IF spectrum is

sent to the first IF amplifier where it is amplified and applied to the

distribution amplifier. The distribution amplifier feeds four IF

bandpass filters which initiate the selectivity needed to separate the

four channels. The outputs from these filters go to the second mixers

which convert the input to the second IF frequency spectrum centered
at 12.8 MHz.

IF Section. The local oscillator signal for the second mixer consists

of the 12.0 MHz VGO output multiplied by 8 and a bias frequency.

The bias frequency, which is different for each channel, is used to

make all the second IF output frequencies the same. Listed in

Table 8-3 are the first IF, second local oscillator, second IF, and

bias frequencies for the four channels.
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1st IF (MHz)

2nd L.O. (MHz)

2nd IF (MHz)

fBias (MHz)

....... Channels .........

1 2 3 4

I08.8 112.4 116.0 119.6

96.0 99.6 128.8 132.4

12.8 12.8 12.8 12.8

0.0 3.6 32.8 36.4

Table 8-3. Second Mixer Frequencies

Table 8-4 shows the second mixer spurious outputs that must be

suppressed by proper filtering.

Spurious Outputs (MHz)

Channel I 16.4 20.0 23.6

Channel 2 9.2 16.4 20.0

Channel 3 20.0 16.4 9.2

Channel 4 23.6 20.0 16.4

Table 8-4. Second Mixer Spurious Outputs

The output of the second mixer is applied to the gain controlled

second IF amplifier. This amplifier provides an input for the

circuitry used to complete the carrier phase-locked loop and for the

range data demodulation.

Carrier Phase-Locked Loop. The components in the carrier PLL

are depicted in Figure 8-9. A loop error signal is produced at the

output of the phase detector when the input frequency is not equal to

the reference frequency and/or the input signal phase is not within

90 ° + _ of the reference signal phase. (e is the allowed steady state

phase error.) This error signal controls the frequency and phase of

the voltage controlled crystal oscillator to maintain constant IF

frequencies with proper phase from the second mixer. The freq-

uency component obtained by converting the carrier frequency to an

IF frequency is compared with the reference frequency in the phase
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q

detector to provide the error signal described above. The l]_" _Jg_Jal

derived from the carrier which feeds the carrier phase detector also

provides an input to the carrier correlation detector which generates

the automatic gain control (AGC) voltage for the second IF amplifier.

The output from the carrier correlation detector also provides a

signal for indicating carrier loop lock and controls the bandwidth

of the carrier 3rd order PLL filter. This filter is normally

wideband for acquisition.

In the acquisition mode, the frequency of the 12.0 MHz VCO is set

to its nominal value by a control voltage from the Vehicle Velocity

Extraction Unit. The magnitude and sign of this voltage are derived

from the velocity data output and will force the velocity data output
to zero.

The Vehicle Command Logic commands the system to acquire the

new transponder and initiates the following sequence of operation:

II The range correlation gate is positioned to pass the range

modulation tones from +_.._ .¢,'_q-encv. discriminator and low pass
filter.

, The doppler compensated signal from the Transponder Tracking

Transmitter of the new station arrives at the VTR with approxi-

mately zero doppler shift, binary coded information, and a

reduced modulation index.

. The 12.0 MHz VCO control signal from the Vehicle Velocity

Extraction Unit (VVEU) initiates a search for the signal from

the new transponder. Upon acquisition by the carrier phase-

locked loop, a signal is sent from the carrier correlation

detector to the Vehicle Command Logic (VCL), stopping this

frequency search.

o The magnitude and sign of the doppler compensation is

extracted from the binary coded information modulated on the

tracking link and is fed to the VVEU.

. The error in the doppler compensation is obtained from the

output of the velocity extraction equipment and added to the

stored doppler compensation to be used to preset the 12.0 MHz

VCO when the doppler compensation is removed from the

Transponder Tracking Transmitter output.
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, The VCL, which has received an indication of lock by tile

carrier PLL, commands the new transponder to remove thL.

doppler compensation on the tracking link. A signal is sent

to the VVEU for application of a VCO control voltage proportional

to the doppler compensation (down link doppler) plus the doppler

compensation error. This voltage sets the frequency of the 12.0

MHz VCO such that the second local oscillator will be offset by

an amount corresponding to the doppler frequency shift on the

new transponder being acquired. A small search of the 12.0

MHz VCO frequency is initiated by the control voltage from the

VVEU.

, Upon acquisition by the carrier phase-locked ]oops, a signal i_

sent to the VCL. The compression of the input range tnodulation

tone sidebands is accomplished by the feedback frona the freq-

uency discriminator to the IZ.O MHz VCO. The VCL comtnands

the new transponder to remove the binary information, transmit

all range modulation tones, and slowly increase the modulation

index on the carrier to the normal value. The bandwidth of the

carrier i°LL is returned to the tracking condition by the

correlation detector output.

Velocity information is obtained by comparing the frequency of the

signal received from the transponder with a signal whose fr_.tlut:ncy

is that of (coherent with) the received signal prior to transmission.

The difference in frequency between the two signals is only the doppler

frequency shift.

The multiplied outputfrom the 12.0 MHz VCXO is mixed with the

coherent reference frequency. The difference frequency is multiplied

by sixteen and then mixed with a second coherent signal. The output

from the second velocity mixer represents the magnitude and polarity

of the velocity. With zero velocity, this is a particular bias frequency

chosen such that the magnitude of the doppler shift is 1/16 of the

difference between the output and bias frequencies. The polarity is

determined by increase or decrease of the output frequency with

respect to the bias frequency.

Range Tone Demodulation Circuitry. The range tone demodulation

circuitry is shown in Figure 8-i0. The output from the frcc[u¢_ncy

discriminator is sent to the FI phase detector and F1 correlation

detector.
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8.1.5.6

The fine range tone is demodulated and filtered by a narrow band
3rd order phase-locked loop. The loop bandwidth is wide for
acquisition and is reduced upon acquisition by the loop bandwidth
control. The output from the 160 kHz VCXO is sent to tlle Vehicle
Range Extraction Unit.

The output of the 160 kHz VCXO is shifted by 90° and mixed with the
frequency discriminator output in the F i correlation detector which
feeds the Fz phase detector.

The F z range ambiguity tone (i0 kHz) is filtered by the phase-locked

loop and the I0 kHz VCO output is sent to the VREU. The F z phase

detector output contains the phase-locked loop error _ignal and the

range ambiguity tones that were originally frequency nlodulated on

the F2 range ambiguity tones.

The F3 range ambiguity tone (625 Hz) is filtered by the third phase-

locked loop, and the 625 Hz VCO output is sent to the VREU and

through a90 ° phase shifter to the F 3 correlation detector.

The F 4 range ambiguity tone is obtained in the F 3 correlation

detector by mixing F 4 + F3 with F3 . The output from the F3

correlation detector is filtered to obtain the 39 Hz coarse rang_ j

ambiguity tone which is then sent to the VREU.

After acquisition by the carrier phase-locked loop and all rai_gc tone

phase-locked loops, the original range tone modulation is rccuil-

structed from the demodulated and filtered range tones. Tim phdsc

of each tone is adjusted to provide the proper compression sigr_,_l.

The reconstructed range modulation signal, upon command by the

VCL, is _tsed to modulate the 12.0 MHz VCO to provide the fringe

tone sideband compression signal.

Site Identification and Doppler Compensation. The output from

the frequency discriminator is applied to the SI phase detector.

The phase-locked lock is used to demodulate the binary infori_ation

which is then filtered by the low pass filter.

Performance Specifications -

1. Center Frequency. To be sl>ecified
(2214.71Z_ _ 0.5 MHz)

Z. Tuning Range. Fixed

3. RF Bandwidth (1. 0 db). To be spot lfied

(+ 6.5 - 0. 0, _ 0.5 MHz)

4. RF Bandwidth (70 db). To be _l)t.< ified

(+ 57. 5 i 1. 0 MHz)
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.

,

0

e

o

I0.

Ii.

12.

13.

14.

Noise Figure {i. 0 db RF bandwidth). Less than 5. 0 db

(5.0 + 0.5 db)

Phase Characteristic s. To be compatible

with phase errors

specified for range

and range ambiguity

tone s,

Input Signal Levels. -I 30 dbm minimum

-70 dbm maximum

(-90 dbm maximum)

Intermodulation Rejection with Maximum

Input Level {IM products generated by two

signals within the 3 db bandwidth), 40 db + 2 db

Intermodulation Rejection with Maximum

Input Level (IM products generated by two

signals, one or both outside the 3 db bandwidth). 80 db + 2 db

Spurious Response Rejection (with respect to

80 db

Range and Range Ambiguity Tones (4 for

each channel).

160 kHz (2. 342 MHz)

I0 kHz (73. 1875 kHz)

625 Hz (2. 287 kHz)

39 Hz (71.47 Hz)

Velocity Data (One output from each channel),

Video Data (one output from each channel).

Doppler frequency

+_ bias frequency X 16.

a. Pulse Width I. 0 millisecond

b* Effective Noise Bandwidth + 2.0 kHz

c. Type of Modulation Non-return to zero

Signal Dynamic s.

a, Maximum Doppler Shift on Carrier

Frequency

+ 190 kHz

(+ 160 kHz)

bl Maximum Doppler Acceleration on

Carrier Frequency

6.8 kHz/sec.

(5.71 kHz/sec.)
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15. Phase Error Due to Maximum Doppler

Shift on Input Signal.

a. Range Tone

b. Range Ambiguity Tones

16. Phase Error Due to Maximum Doppler

Acceleration on Input Signal.

a. Range Tone

b. Range Ambiguity Tones

17. Phase Error Due to Change in Ambient

Te ..nape ra tur e.

a. Range Tone

b. Range Ambiguity Tones

18. Effective Noise Bandwidth.

a. Carrier PLL

b. Range Tone

c. Range Ambiguity Tone

19. Gophase Setting of Range and Range

Ambiguity Tone s.

20. Signal Dropout.

21. Acquisition Time (all PLL).

a. Initial Acquisition (± 10 kHz displacement

of carrier frequency, two-way doppler

shift on range and range ambiguity tones)

b. Final Acquisition (carrier frequency must

be moved 160 kHz maximum)

To be specified

(+ 1°)
To be specified

(+ 4° )

To be specified

(+ 1° )
m

To be specified

To be specified

(_+ 1°)

To be specified

(L 1°)

100 Hz ± 10 Hz

I0 Hz ± 2 Hz

100 Hz ± 10 Hz

To be specified

To be specified

To be specified

To be specified
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8.1.6

8.1.6.1

8.1.6.2

2Z. RFI .

a. Internal To be specified

b. External To be specified

Vehicle Range Extraction Unit(VREU)

The Vehicle Range Extraction I_hit (Figure 8-11) consists of a reference

generator and four range data extractor modules, one per channel.

Each channel has four range tone inputs which are delayed in phase due

to transmission to and from a given transponder station. The VREU uses

digital phase tracking loops to detect this phase difference and provide a

binary readout indicative of range in meters.

Functional Requirements - The major functional requirements of the VREU
are:

I. to generate four range tones for transmission to a given ground station,

2, to receive four range tones which are delayed in phase due to trans-

mission to and from a ground station,

. to generate binary phase reference frequencies, derived from a master

oscillator, for use in the digital phase tracking loops of the range unit,

, to detect phase difference between transmitted and received range

tones and to use this phase difference to continuously up-date an active

range register and

. to provide a binary readout from a buffer register which is indicative

of range in meters; range resolution is +0. 241 meters, and inaximum

range is 3848 kilometers.

Inputs and Outputs -

Inputs

i. A I0.24 MHz reference frequency from the n]aster oscillat¢,r.

2. Four range tones from the VTR.

. A pulse to inhibit up-dating the active range register while range

data is transferred to the interfacing equipment.

4. A telemetry data transfer pulse.
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8.1.6.3

8.1.6.4

Outputs

1. Four range tones to the VTT.

. Six most significant bits of range data per channel to the system

control section.

. Twenty-four bits of range data and one reliable data bit per channel

to telemetry.

Performance Criteria - The VREU shall meet the following performance

criteria:

I. It shall perform under space vehicle environmental conditions.

o The components selected shall have good reliability substantiated,

wherever possible, by data.

. The components selected shall have an average propagation delay

less than 100 nanoseconds.

. The components selected shall have noise rejection and power con-

sumption characteristics compatible with the system requirements.

Design Guideline - The careful design, layout, and packaging of the mixer

and squaring amplifier in the fine range loop can aid in minimizing internal

noise such that 0.25 meter resolution can be attained. An alternate techni-

que employing multiplication of the received fine range tone to a higher

frequency prior to application to the VREU and frequency down-conversion

in the VREU for the fine range measurement may be more practical.

The equation that shows the relation between phase jitter and input frequency

is

720
A t _ fAR

C

where

Aq5 = phase jitter in degrees,

c = velocity of light = 3 × l0 s meter/sec.,

f = frequency of signal used to perform measurement and

AR = range resolution.

8-45



As can be seen by this equation, the higher the frequency the larger the

allowable phase jitter. If the frequency of the fine range tone were

multiplied by a factor N., the jitter requirement would ben x 0.088 ° . The

requirement on the systematic phase errors after the multiplication would be

reduced by the multiplying factors, N .

The degradation to the input signal-to-noise caused by the non-linear

multiplication process must also be considered. It can be shown that the

relation between input S/N to output S/N is

{S/N) 0 = N: 2 (S/N)z

This relation is valid only for high input signal-to-noise ratios,

(S/N) z . This ratio has been evaluated to be in excess of 60 db which

would meet this condition.

The rms phase jitter for the fine range measurement is defined as

40.5 ° 720
$ rms = - f4 _RA

c

40.5°× C
with A RA =

720 X f4 q--S--

N

where

R A = range accuracy and

S/N = signal-to-noise ratio on the fine range tone, f4

If the fine range tone is multiplied by N1, we have

40.5°× C
ARA _- = 40. 5 ° × C

720 × Nlf4_/- S 720 × f4 _'S

N12 N

Thus the obtainable range accuracy is not changed by the multiplication

_rocess.

There are limits to the magnitude of the multiplying factor because of

the additive nolse in the multipliers. Also, the equation for qbrms as

shown is valid for large slgnal-to-noise ratios. It is recommended that

NI not :eed 8
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8.1.6.5
Proposed Design - The Vehicle Range Extraction Unit utilizes digital
phase tracking loops to detect phase difference between transmitted and

received range tones. The phase differences are used to continuously

update an active range register which provides a binary readout indicative

of range in meters. The following is a general description of the theory

of operation of the VREU. It is suggested that the block diagram, Figure
8-11, be used with this discussion.

One range extraction unit consists of a binary phase reference generator,

four binary adders, three quadrature generators, four digital phase

detectors, an active register capable of counting up or down, and
associated mixers and filters.

The binary phase reference generator provides four tones to the vehicle
transmitter:

fl = sin W0 (t - T) ,

f2 = sin W 1 [(t - T) + if],

f3 = sinW 2[(t - v) + _]and

f4 = sin W3 [(t - T) + _]

where

2R

c

R = range in meters and

c = speed of light in meters per second.

These tones are received by ground stations and retransmitted to the

vehicle with phase coherence. Signals received at the vehicle are

fl = sin W 0 t ,

fz = sin Wl (t + _),

f3 = sin W z(t + _) and

f4 = sin W_(t + _).

The digital phase tracking loops are used to measure the angular displace-

ment between the transmitted and received signals and to provide a direct
range readout in meters.
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8.1.6.6

8.1.7

8.1.7.1

The W 0 and W1 frequencies are mixed down so that implementation of

their corresponding tracking loops can be simplified. The demodulating

tones for these frequencies are produced using the quadrature generators,

balanced mixers, and lower sideband filters.

The digital phase detectors compare the received tones with their

corresponding reference tones to determine the amount of phase difference

between them. The phase of the reference is determined directly by the

contents of the range register. Each range word corresponds to a speci-

fic angular displacement, which is added to the phase reference. Therefore,

if the received range tone lags the reference, an error signal is generated

which increases the magnitude of the range word stored in the range

register until the phase of the received and reference tones are matched.

If the received tone leads the reference tone, the error signal from the

discriminator causes the magnitude of the range word to decrease until the

received and reference tones are in phase. The signal held in the counter

is therefore continuously updated, and it provides a binary number which is

exactly indicative of the phase difference between the reference signal and
the received tone.

Specifications - Specifications for the input and output signals will depend

upon the type of circuits selected to implement the VREU. The major

considerations for the selection of these circuits are set forth in the

performance criteria.

Vehicle Velocity Extraction Unit (VVEU)

The velocity extraction unit shall accept up to four channels of doppler

information from the Vehicle Tracking Receiver. It will convert the

doppler information into velocity components for application to a telemetry
interface.

Functional Requirements - The major functional requirements of the

VVEU are

, to count a 0 to 1.6 MHz doppler frequency from each of four tracking

channels,

to provide a 200-millisecond time base over which doppler frequt_ncies

are counted,

3. to determine the velocity sign on each channel,

. to synchronize a telemetry readout pulse with the velocity accumulator

time base clock and

. to generate a data transfer pulse every 100 milliseconds for interfacing

equipment.
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8.1.7.2

8.1.7.3

8.1.7.4

Inputs and Outputs

1. Clock Pulse

2. TR Pulse

3. Doppler

4. Sign

Outputs .

1.

2.

3.

4.

Velocity Accumulator

Velocity Sign

Data Transfer Pulse

Common Reset Pulse

Performance Criteria -

criteria:

100 kc square wave

129 ± 10 _s pulse

0 to 1.6 Mc sine wave 1/channel

-7 v to +7 v dc level 1/channel

19 bit binary information 1/channel

1 bit binary information 1 / channel

5 _s pulse

5 _s pulse

The VVEU shall meet the following performance

1. It shall perform under space vehicle environmental conditions.

2. The components selected shaI1 have good reIiabiiity substantiated,

wherever possible, by data.

3. The components selected shall have an average propagation delay
less than 100 nanoseconds.

4. The components selected shall have noise rejection and power

consumption characteristics compatibIe with system requirements.

Design Guidelines - The velocity accumulator shall utilize binary

ripple-through counting techniques. This type of counting is recommended

because it is more economical than synchronous or hybrid types.

The time base generator shall provide a period over which the × 16

doppler frequencies are counted to obtain a velocity resolution of 0.05

meters/second.
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8.1.7.5

8.1.7.6

8.1.8

8.1.8.1

Proposed Design - The TR pulse is a 5 volt, 139 microsecond

pulse furnished by telemetry every 0.Z5 seconds. This pulse is integrated

to eliminate noise and reshaped by a Schmitt trigger. The reshaped pulse

is synchronized to the clock pulse in Control A whose output resets the

time base generator to "O r'and sets Control B.

Control B enables the input gates to the velocity accumulators. These

gates remain enabled, and the velocity accumulators count the multiplied

doppler inputs.

Two hundred milliseconds after the velocity accumulators are enabled,

the time base generator resets Control B through G3, disabling the velocity

accumulators. The accumulated count is retained in the accumulators

until another TR pulse starts another cycle.

If telemetry is not available to furnish TR pulses, the time base generator

enables Control B every 327.68 milliseconds through GZ, allowing the

VVEU to operate without telemetry interface.

The time base generator enables G4 one hundred milliseconds after the

beginning of the cycle. This pulse is used to transfer range and time

information to the buffer storage registers.

The sign information for each channel is a slow varying DC voltage. This

voltage is negative when the vehicle velocity is negative and positive when

the vehicle velocity is positive, with respect to the transponder being

tracked. These signals are shaped by the four shapers and presented to

the vehicle computer and/or telemetry with the velocity information.

The proposed implementation is shown in Figure 8-12.

Specifications - Specifications for the input and output signals will depend

upon the type of circuits selected to implement the VTU. The major con-

siderations for the selection of these circuits are set forth in the performance

criteria.

Vehicle Timin_ Unit (VTU)

The Vehicle Timing Unit provides an accurate time reference for range and

velocity data readouts. It provides a non-repetitive readout over a five-

minute interval and is capable of synchronization with a real time source

within plus or minus 10 microseconds.

Functional Requirements - The major functional requirements of the

Vehicle Timing Unit are
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8.1.8.2

8.1.8.3

8.1.8.4

I.

o

to provide a binary coded readout, with a resolution of I0 microseconds,

indicative of time with reference to a five-minute time marker,

to provide a non-repetitive readout over an interval of approximately

five minutes and

to transfer timing data from an active register to a buffer register

upon receipt of a data transfer pulse.

Inputs and Outputs .

1.

2.

3.

Reset signal which synchronizes the VTU with a real time source.

200 kHz sine wave derived from the master osciilator.

Data transfer pulse.

4. Supply voltages.

Outputs

I. 25-bit binary coded word representing time within a five-minute

interval to an accuracy of plus or minus lO microseconds.

2. 'riming pulses to interfacing equipment.

Performance Criteria - The VTU shall meet the following perfi,r,,,/_nce

criteria:

1. It shall perform under space vehicle environmental conditions.

2. The components selected shall have good reliability substantiated,

wherever possible, with data.

3. The components selected shall have an average propagation delay less

than 100 nanoseconds.

4. The components selected shaii have noise rejection and power

consumption characteristics compatible with system reqLdrem,.,_ts.

Design Guidelines -

Time Accumulator. The time accumulator shall utilize straight I)il_ary

ripple through counting techniques. This type of counting is rc,:,_,_J_ended

because it is more economical than synchronous or hybrid types.
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8.1.8.5

Synchronization Circuits. The circuitry required to synchronize the

VTU with a real time source shall be provided external to the VTU

since it is used just prior to vehicle launch only and is not a part of

the vehicle equipment.

Proposed Design - The vehicle timing unit consists primarily of a

25-bit binary counter and an associated buffer register. A 200-kHz

sine wave derived from the master oscillator is shaped and divided

by 2 to produce a time base for the counter, a straight binary ripple-

through type.

A synchronization pulse from external equipment resets the counter to

zero within l0 _t seconds of a five minute marker from a real time

source. The counter then re-cycles every five minutes in synchroni-

zation with the real time source.

The proposed implementation is shown in Figure 8-13.

8.1.8.6

8.2

8.2.1

Specifications - Specifications for the input and output signals will

depend upon the type of circuits selected to implement the VTU. The

major considerations for the selection of these circuits are set forth

in the performance criteria.

Transponder System

The transponder system receives and amplifies the tracking spectrum

of the Vehicle Tracking Transmitter, "removes" the range modulation

from the carrier, coherently translates {offsets) the carrier, adds the

range modulation to the new carrier, and retransmits the spectrum to

the Vehicle Tracking Receiver.

The Transponder Command Receiver and the Transponder Command

Logic place the ground station in operation and turn it off via command

signals from the Vehicle Command Transmitter.

A block diagram of the transponder system is shown in Figure 8-14.

Transponder Trackin G Receiver (TTR)

The receiver provides controlled reception of the tracking signal from

the Vehicle Tracking Transmitter. The ON-OFF control for the receiver

is provided by the Transponder Command Logic. The input phase modu-

lated carrier is tracked by a phase-locked loop to reduce the noise power

and provide a coherent signal which can be used to obtain the retrans-

mitted carrier. The range tones are demodulated, filtered, and sent

to the Transponder Frequency Translator.
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8. Z. 1. 1 Functional Kequirements -

8.2.1.2

I. Amplification. The phase n_odulated carrier and range l_,ncs are

amplified such that the noise contribution on the ground to vehicle

link will not be significant.

Demodulation. The range tones are coherently demodulated fron_ the

carrier with minirnunq phase errors introduced when the received

signal is subjected to doppler frequency shift and acceleration.

. Filtering. The noise power on the signal derived from the input

carrier (VCXO in carrier phase-locked loop} and on demodulated

range tones is reduced to insure no degradation of the Transponder

Tracking Transmitter efficiency due to noise.

, Tracking. A tracking loop phase-locks a VCXO to the input carrier

for use in generating the coherent translated carrier for the Trans-

ponder Tracking Transmitter.

. Acquisition Aiding. A signal that contains the down-link doppler

frequency shift is supplied to the Transponder Frequency Translator.

This signal is used to aid in acquisition.

, Monitoring. The following signals which are processed for re-

cording are provided:

a. An output proportional to the received signal strength.

b. A signal proportional to the doppler frequency shift on tile

tracking link from the vehicle to the transponder.

Inputs and Outputs

Inputs

o Carrier. The phase nlodulated carrier spatially acquired by the

Transponder Tracking Antenna.

Acquisition Aid. The output fronq the voltage controlled crystal

oscillator in the phase-locked loop of the Transponder Command

Direction Finding Recetver.

On-Off Power Control. The signal for ON-OFF control of the

Transponder Tracking Receiver from the Transponder Command

Logic.
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Output s

1. Range Modulation, The demodulated range tones or range modulation

tones to the Transponder Frequency Translator.

2. Carrier Submultiple. A signal proportional to, and coherent with,

the received carrier for the Transponder Frequency Translator.

. Monitoring Signal. The signals listed below,

for recording:

a. First mixer current

sampled and processed

b. Automatic gain control voltage

c. Acquisition by VCXO in carrier PLL

d. Range tones

e. Control voltage for VCXO in carrier PLL and range tone
PLL's

f. Noise detector output

8. Z. 1.3 Performance Criteria -

Phase Characteristics. The receiver is a part of a system employing

phase measurements. This requires minimizing

Io the changes in differential phase shift of the carrier with respect

to the sidebands and

the changes in phase shift of the range modulation at baseband

frequencies.

Acquisition Time. The receiver must acquire the input signal in mini-

mum time. The total acquisition time is reduced by using an acquisition

aid from the Transponder Command/Direction Finding Receiver.

Amplification. A low noise RF amplifier must be used to minimize the

noise contribution to the overall tracking link.

War1_-up Tinge. The receiver must be completely operational within a

very short time upon receipt of the standby command.

Reliability. Unattended operation over long time intervals will b_ required.
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8. 2. 1.4 Design Guidelines -

Carrier Phase-Locked Loop. A receiver employing frequency demodulation

with compressive feedback has been proposed. This results frc_in the high

nmdulation index used on the input signal. The voltage controlled oscillator

in the carrier phase-locked loop can be preset sufficiently accurate for

acquisition but compression of the sidebands cannot be accon_plished unless

the input signal is above threshold.

The technique that has been proposed allows automatic acquisiti(,,_ or conq-

Dre._._r,_.. provided the input signal power is above threshold of the, l orward and

feedback loops. A solution for optimizing the threshold of these loops is not

proposed at this time; however, an early solution should be attempted in the

next phase.

A possible improvement in threshold could be obtained by reducing the noise

power associated with the compression signal. This is accon_plished by

deriving the compression signal from the filtered range modulation after

initial acquisition has been completed.

Acquisition. The proposed receiver uses the signal derived fromthe sum

of Fy, Fx and Fo (see Figure 8-15) divided by 5690 for presettingthe volt-

age controlled oscillator in the carrier phase-lock loop during coarse

acquisition. This signal is compared with the Transponder Command/

Direction Finding Receiver voltage controlled oscillator output divided

by 552, thus the preset frequency of the voltage control oscillator is in-

dependent of the frequency instability of the stable oscillator.

The large dividers (5690 and 552) are proposed to allow a 12. 5 KHz incre-

nlental change capability on either the tracking or command link. This can

be accomplished with very little change in the divider circuits. If larger

incremental changes are acceptable, the proposed circuit can be sin_plified.

The technique for switching the voltage controlled oscillator from the

acquisition loop to main carrier loop minimizes the switching transients.

This ensures smooth transition when switching from coarse acquisition

to main loop acquisition.

The initiation of coarse acquisition is synchronized with the reception of

the Standby message by a gating signal from the Transponder Command

Logic. This gate permits the acquisition aiding signal to be applied

only when the Transponder Gomlnand/Direction Finding Receiver is

coherent with the tracking link. Presetting the frequency of the voltage

controlled crystal oscillator during this time ensures reliable main loop

acquisition in minimum time.
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8.2.1.5

Stable Oscillator. The use of a stable oscillator for generating the first

local oscillator frequency and phase detector reference frequency for the

carrier phase-locked loop is proposed. This technique is superior to that

used in the Design Study Model based on the data taken on several voltage

controlled crystal oscillators. This data showed that the long term fre-

quency stability of the voltage controlled crystal oscillator evaluated does

not equal that obtainable from a fixed frequency oscillator (standard).

In addition to having better long term frequency stability, the proposed

receiver is less susceptible to internal low frequency noise and voltage

controlled crystal oscillator self noise. These advantages result from

the low multiplication required for generating the second local oscillator

frequency from the voltage controlled crystal oscillator output.

The frequency selected for the stable oscillator was based on the avail-

ability of high quality oscillators with an output frequency of 2.5 MHz.

Proposed Design - The proposed Transponder Tracking Receiver configu-

ration is shown in Figure 8-15. The significant changes that have been

made with respect to the Design Study model are:

. A stable oscillator in conjunction with a voltage controlled crystal

oscillator is used.

. The technique for obtaining a coherent submultiple of the input carrier

frequency is changed.

3. Frequency demodulation with compressive feedback is used.

. Coarse acquisition is synchronized with the reception of the Standby

message.

The frequency spectrum from the Vehicle Tracking Transmitter is received

by the Transponder Tracking Antenna (TTA) and fed through the RF bandpass

filter to the RF amplifier in the RF section shown in Figure 8-15. The band-

pass filter provides isolation for the receiver from the Transponder Tracking

Transmitter as well as reducing the possible spurious responses of the recei-

ver. The RF amplifier is a low-noise device, with sufficient gain to make

additive noise inputs past this point have negligible effects on system perfor-

mance. The output from the RF amplifier is fed to the first mixer, which

converts the RF spectrum to an IF spectrum centered at 108 MHz. After ampli-

fication in the first IF amplifier, this spectrum is then converted by the second

mixer to a center frequency of approximately 20 MHz. After this conversion,

the signal divides into two paths, one to complete the carrier phase-locked

loop and the other to the range tone demodulation circuitry.

Carrier Phase-Lock Lool_ The output from the second mixer is amplified,

filtered, and compared with a reference signal in the phase detector. The

output from the phase detector is the steady state error required to control

the frequency and phase of the VCXO, or a transient error produced during

initial acquisition of the input signal.
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Acquisition. The loop signal and filter switches are in the state to pass

the inputs from position one. The input to the loop signal switch from the

acquisition phase detector is the acquisition error signal. This signal is

generated by comparing the sum of Fy, Fxand To divided by 5690 with

the output of the voltage controlled crystal oscillator (VCXO) divided by

552, in the Transponder Command/Direction Finding Receiver (TC/DFT)

phase-locked loop. This loop is designed such that the VCXO output divided

by 552 has the same frequency shift and rate-of-change of frequency shift

as that of the su_!a of Fy + Tx + Fo, divided by 5690 for a given v¢_hicle radi-

al velocity. The acquisition error signal is sent to the 4.0 MHz VCXO

through the acquisition loop filter and switch. The frequency and phase of

the 4.0 MHz VCXO is adjusted until the sum of Fy, Fx and To divided by

5690 is coherent with the TC/DFT VCXO output divided by 552. This rela-

tion expressed mathematically

is (Fy + Fx + Fo) / 5690 = Fvl /552 (8.2-I)

where Fy= first local oscillator frequency divided by 32,

Fx= second local oscillator frequency divided by

by 32, or 4.0 MHz VCXO output and

Fo= phase detector reference frequency divided by

32.

In addition,

where

Fc= N (Fy + Fx + Fo),

Fc= input carrier frequency and

(8.2-2)

N= multicipation factor (x32).

The carrier frequency for the tracking and command links are derived

from the same oscillator and are, consequently, coherent. The VCXO in

the TC/DTR phase-lockedloop is made coherent to the carrier on the command

link. Using this information and equation (8.2-11, in coarse acquisition N(Fy +

Fx + Fo) is forced to be equal to the received tracking carrier, Fc.

The TC/DFR VCXO output divided by 552 is also fed to the correlation

detector where it is compared with (Fy + Tx + Fo)/5690 shifted by 90 °" The

output from the acquisition correlation detector is sent through an OP_ gate

to the gate generator and delay circuit. The output from the acquisition

correlation detector is a maximum when the two inputs to the acquisition phase

detector are phase-locked and it is usedto change the state of the loop signal

and filter switches when the maximum output occurs. The switches are main-

tained in this state (closed to input number two), for a fixed time interval by a

preselected time constant, independent of the output from the acquisition or

carrier correlation detectors. The output from the carrier phase detector is

sent through the loop signal switch, tracking loop filter, and loop filter switch

to the 4.0 MI-Iz VCXO control input. This signal, the main loop error signal,
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8.2.1.6

adjusts the frequency and phase of the 4.0 MHz VCXO until the signal,

(Fy + Fx + Fo)N, is coherent with the input carrier frequency. Acquisition

to the input carrier is accomplished sin_ultaneously with the compression

of the sidebands in the first mixer. The compressive feedback signal is

obtained from the frequency discrin_inator which is fed by the o_Ltput from the

second IF.

Upon acquisition, the output from the carrier correlation detector is a maxi-

mum and is sent through the OR gate to the gate generator to :_.aintain the

loop s!gna! and _"" switches in state number two. The accuracy of setting

the 4.0 MHz VCXO frequency is very critical in the operation described

above. If the phase detector reference frequency is not sufficiently near the

second IF output frequency, the phase detector output, or error signal, will

not be passed by the tracking loop low pass filter. The loop filter can be a

single low pass filter whose bandwidth is controlled by the loop filter switch.

The bandwidth is made wide for fast coarse acquisition and narrower for track-

ing. If the second IF signal is not acquired within the fixed time interval, the

coarse acquisition operation is repeated.

Tracking. The output from the second IF is compared with the reference

frequency in the carrier phase detector which produces an error signal to

phase lock the signal, (Fy + Fx + Fo)N, to the input carrier frequency.

The automatic gain control voltage is provided by the output of the carrier

correlation detector and is sent to the first and second IF amplifiers to main-

tain the output of the second IF at a constant power level.

The third output from the second IF an_plifier is sent to the frequency dis-

criminator. The frequency spectrun_ of this output is depicted in Figure

8-16. The input frequency to the discri_rlinator is reduced to baseband fre-

quency as shown in Figure 8-17. The fine range tone is filtered by the phase-

locked loop to reduce the associated noise power. The F I vgxo in the loop

is sent to the Transponder Frequency Translator and the sunul_ing network.

The composite spectrun_ consisting of the range modulation tone, F I-F2, fr_.-

quency modulated by the two range an_biguity tones, F 3 and F 3 + F4, are I_It_r-

ed by a phase-locked loop. The VCXO output is sent to the Transp_nld_ r Vr_,-

quency Translator and to the sunu_ing network. Upon acquisitio_ l_y b_,tlJ,,[

these phase-locked loops a signal is generated by the two correlatiol_ dtt_ ct_,rs

which changes the compressive feedback signal fron_ the discriminatc,r _,_it_ut

to the sumn_ing network output.

Specifications -

i. Center Frequency 2276. 424 MHz

2. Tuning Range Fixed frequency in band from

2200 to 2350 MHz
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2. RF Bandwidth (1.0 db)

.

o

e

RF Bandwidth (70 db)

To be specified

(+_6.5, -0.0, +0.5 MHz)

Noise Figure (I. 0 db

RF Bandwidth)

To be specified

(+ 57.5 + 1.0 MHz)

Less Than 3.0 db

Phase Characteristics

(Input to Output - Change in

differential phase of side bands with

respect to carrier due to environment and

signal dynamics. )

a. Fine Range Time

b. Range Ambiguity Tones

+ 0.35 °

6. Input Signal Levels

+ 1.59 °

.

-110 dbm minimum (-140 dbm)

- 60 dbm maximum (-100 dbm)

Intermodulation Rejection -

(IM projects generated by two input

signals, one or both outside the

60db bandwidth. )

- 80 db

__. SFurlaus Response Rejection 80 db

9. Effective Noise Bandwidth

a. Carrier PLL 300 + 30 Hz

b. Time Range Tone 100 + i0 Hz

c. Range Ambiguity Tones 1000 +_ 100 Hz

10. Acquisition Characteristics

a. Acquisition Time Less than I. 0 second

b. Coarse Acquisition Not greater than 30 milliseconds

11. Signal Dynamics on Input Signal

a. Maximum doppler shift on

carrier frequency.

+ 95 kHz

(+ 80 kHz)

b. Maximum doppler accelera-

tion on carrier frequency.

3.4 kHz/sec

(2.85 kHz/sec)
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8.2.2

8.2.2.1

8.2.2.2

12. Signal Dropout.

13. Frequency Stability of VCXO.

a. Short Term

b. Long Term

14. Frequency Stability of Fixed

Fr ecluenc Y Oscillator.

To be specified

1 part in 1 0 8 for 1.0 millisecond

1.0 parts in 10 6 per year

To be specified

Transponder Frequency Translator (TFT)

The transponder Frequency Translator accepts the output of the Transponder

Tracking Receiver, synthesizes the retransmit signal, and acts as a driver

for the Transponder Tracking Transmitter.

Functional Requirements - The major functions of the TFT/FS are to

° provide four specified multiplication ratios for the frequency coherent

generation of the translated tracking carrier frequency using the signal

received from the Transponder Tracking Receiver,

. provide means for selecting one of the four specified multiplication

ratios,

3. provide doppler compensation on the retransmitted signals,

° modulate the range and range ambiguity tones on the frequency coherent

carrier that is transmitted back to the vehicle borne tracking receiver

by the Transponder Tracking Transmitter (the modulation index must

be continuously variable from 0 to maximum value) and

. provide an output signal for quantizing the doppler frequency on the

received carrier.

Inputs and Outputs -

Inputs

• Carrier Signal - a coherent sub-multiple of the received carrier from

the TTR.

o Modulation Tones - the original tones demodulated to baseband from the

TTR.

. Switching Voltages (5) - four for channel selection and one for removal

of the doppler compensation from the TCL.

4. Supply Voltage - DC from power supply.
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8.2.2.3

8.2.2.4

8.2.2.5

Outputs

Output Spectrum - to the TTT. (See Figure 8-18)

Performance Criteria - The TFT is critical to the accuracy of the

system. The major areas of the TFTwhich affect system accuracy

are

I, phase shift of the modulating tones in the circuits where these

signals are at baseband,

2. variations in time delay through the circuits where the tones are

modulated on a carrier and

. effects of spurious signals on the desired output signals due to

insufficient filtering.

All design work on the TFT should consider these three factors.

Design Guidelines - Maximum use of digital techniques offers the

advantages of low power drain, reliability through redundancy, quick

warm-up, and a minimum of filtering.

Proposed Design - The TFT is shown by Figure 8-19. The "doppler

reverser" is detailed in Figure 8-20. The "divide by N" circuit

determines the output frequency of the translator. N can be selected

to have one of four values by the Transponder Command Logic. The

four values and the channel each value represents are given below:

Channel N

1 (13) (193)

2 (7) (19) (19)
3 (5) (5Or)

4 (11) (Z33)

This is true for the "divide by (5) (569)" as well as the "divide by N."

The modulation tones are received from the TTR on separate lines.

The line with the switch before the summer carries the composite

spectrum of F z , F3 , and F 4 . The other line carries the Fi signal.

In the first phase of up-link acquisition, the switch is open and only

Fl is modulated onto the carrier, which contains doppler reversal.

The FI tone is amplitude modulated by the digital coded information.

The maximum amplitude of the modulation into the VCO is such that

a very low frequency deviation occurs. This leaves most of the

transmitted power in the carrier for acquisition purposes.
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_---3.6 MHz----_ _-----3.6 MHz---_ _---3.6 MHz----_

Channel 1

Carrier

2208.6 MHz

Channel 2

Carrier

2212.2 MI-Iz

Channel 3

Carrier

2215.8 MHz

Channel 4

Carrier

2219.4 MHz

Four Channel Frequency Separation

II

160 kHz
v

39Hz 
625 Hz --_

_---I 0 kHz

Single Channel Frequency Spectrum

Figure _-18. TFT Output Spectrum
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Figure 8-19. Block Diagram - Transponder Frequency T_anslator
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8.2.2.6

When the doppler reversed signal is acquired on board, the vehicle
information is decoded and a verification of acquisition is sent to the
transponder via the command link. The doppler reversal is then removed.
When the coherent carrier is reacquired in the VTR, the digital coded
information is again decoded and verification of acquisition is sent to the
transponder. The digital coding is removed, and the switch is closed
such that all modulation tones are impressed on the VCO. The ampli-
tude of the modulating signal at this point is sufficient to produce a low
index of modulation. The amplitude is then increased at a fixed rate to
the maximum, which is identical to the down-link modulation index.

Specifications -

1. Inputs and Outputs Per8.2.2.2

Z, Time to Acquire (from application

of switching voltage 10 mS Maximum

3. Spurious Outputs

4. Doppler Offset Accuracy

-60 db

-8
lxl0

32 fd

To Doppler

Count Circuit

BPF BPF fv ±
fd

X 569

16

MHz

Stable
Oscillator

(from TTR)

Figure 8-20. Block Diagram - TFT Doppler Reverser
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8.2.3.2

8.2.3.3

8.2.3.4

8.2.3.5

Transponder Tracking Translnitter (TTT)

Functional Requirements - The Transponder Tracking Transnlitter (TTT)

provides frequency multiplication and power an_plification of the tracking

signal fronl the TFT.

Inputs and Outputs -

In_put s

1). Any one of the four retransnlit spectra from the TFT at I0 MW.

2). Supply voltages from power supplies.

Outputs

One of the four retransn_it spectra to the transponder tracking antenna

at 50 watts. See Figure 8-18.

Perforn_ance Criteria - The TTT must be very efficient since it is the

major power consmner in the transponder. The primary power required

must be minimized to approach the design goal for the period of performance

without maintenance.

The time delay of the signal through the transnlitter must be very stable

under all conditions of aging, temperature, humidity, etc., to meet the

accuracy requirement of the system.

The design goal for acquisition tinge of the systetn requires that the warm-

up time of the TTT be minimized without excessive stand-by power.

The reliability of the TTT is extremely important. The design goal for un-

maintained operation is two years. No reliability factor or total hours of

"on" operation has yet been specified.

Design Guidelines - The use of transistor amplifiers at Viii?', followed by

varactor multipliers to provide a drive signal to a high gain power stage,

such as a TWT, apparently offers the best combination of efficiency, relia-

bility, and warm-up time.

Proposed Design - The design of the TTT is similar to the VTT. The T'FT

(:c,nsists of a transistorized power amplifier, five varactor dottblcrs and a

TWT llC)wt,r an_plifier as shown in Figure 8-21. The drive power for the 'I'W '1'

should be approximately 100 MW.
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8. Z. 3.6 Specifications -

8.2.4

8.2.4.1

1. Output power 50 Watts

Z. Input power 1 Milliwatt

3. Spurious output -60db

4. Bandwidth 50 MHz

Transponder Command/Direction Finding Receiver (TC/DFR)

The receiver provides continuous reception of the four inputs from the

direction finding antenna system. The receiver is phase locked to the

sum of these signals to provide demodulated binary command information

and acquisition aid for the Transponder Tracking Receiver. The angular

azimuth and eievation positions of the space vehicle are determined from

the phase relationship between the four input signals.

Functional Requirements -

Operating Status. The receiver provides a continuous communications

link from the space vehicle to the ground station. The input signal must

be acquired without acquisition aids.

Amplification. The four signals from the direction finding antenna

system are amplified to a usable power level with minimum degradation

of the input signal-to-noise ratio.

Vehicle Position Information. The vehicle azimuth and elevation angles

are determined for presentation to the control unit of the Transponder

Tracking Antenna.

Acquisition Aiding. A doppler approximation is supplied to the Transponder

Tracking Receiver to enable acquisition.

Demodulation. The binary coded command information is extracted for

use in station control.

Monitoring Functions.

1. A signal proportional to the received signal strength is provided.

A signal proportional to the doppler frequency shift on the command

link is provided.
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8. Z. 4. 2 Inputs and Output s -

Inputs

, Carrier. Four inputs are provided by the direction finding antenna

system. These four signals, one from each of the antenna elements,

are obtained from the signal transmitted by the Vehicle Command

Transmitter.

Supply Voltages. The supply voltages are provided by the ground

transponder power system.

. Gate. A gate, which controls the azimuth and outputs, is provided

by the Transponder Command Logic.

Outputs

. Command Information. The demodulated binary "1" and "0" outputs

are sent to the Transponder Command Logic.

Doppler Approximation. The output from the voltage controlled

oscillator in the phase-locked loop is sent to the Transponder

Tracking Receiver for use in acquisition aiding.

. Vehicle Position Data. The phase detectors' outputs, which provide

azimuth data, and the subtractor amplifier output, which provides

elevation data, are sent to the recorder.

. Monitoring Signals.
the recorder.

The specified monitoring signals are sent to

8.2.4. 3 Performance Criteria -

Efficiency. The receiver must provide continuous reception of the

command information with minimum power consumption from the

transponder power source.

Phase Characteristics. The receiver provides vehicle azimuth position

or direction information by performing phase measurements with the

four input signals. This requires that the following be minimized:

1. Change in relative phase shift between the four RF sections.

2. Change in relative phase shift between the two IF sections.
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8.2.4.4

Gain Characteristics. The receiver provides vehicle elevation information

by performing amplitude comparisons. This requires that the change in

relative gain between the four RF sections and the two IF sections be held

to a minimum.

Desiiln Guidelines -

Phase-Locked Loop. The phase-!ocked loop must operate with pulsed

input signals. The frequency spectrum of this pulsed signal contains

components above and below the carrier which are spaced 1/T cps apart,

where T is the repetition time of the Standby message. The major part

of the power in this spectrum is contained within ± I/T cps from the

carrier, where Tmi n is the minimum pulse width. For proper acqui-

sition and tracking of this type of input, the voltage controlled crystal

oscillator must have an input control voltage versus output frequency

characteristic which is linear for at least ± 2/_mi n.

The loop filter must have a sufficiently wide bandwidth to allow the loop

to acquire the input signal with zero to maximum doppler frequency

shift and provide adequate selectivity to reject the sidebands generated

by the binary command information.

The configuration of the phase-locked loop must be chosen such that the

voltage controlled crystal oscillator can be used in the Transponder

Tracking Receiver for coarse acquisition. The technique used in the

brassboard system is proposed. It provides a voltage controlled crystal

oscillator output which is directly proportional to the received carrier

frequency.

The modulation for the input signal has been selected to provide the

following:

1. A strong carrier for initial acquisition by the phase-locked loop.

A continuous carrier for a time interval sufficiently long to position

the Transponder Tracking Antenna(s) and to preset the voltage

controlled oscillator in the Transponder Tracking Receiver.

Gomnqand Information Demodulation. The IF signal which is derived

from the reference voltage, _--_R , is used to extract command information.

The power of this signal is very nearly independent of vehicle position for

a given range.

The binary "l's and "O's" subcarriers are extracted from the phase-

locked 1o,,t7 phase detector where the upper and lower sidcbands are reduced

to baseband frequency. The bandpass filters separate the binary "l's"

and "O's". The frequencies for the subcarriers have been selected from

the inter-Range Instrumentation Group standards.

8-74



Direction Finding. The bandwidth of the receiver prior to the envelope

detector should be sufficiently wide to pass the carrier and all significant

sideband components. This provides a signal whose amplitude is indepen-

dent of the modulation. The ratio of total signal power to noise power in

the IF signal bandwidth should be approximately equal to the ratio of

carrier power to noise power in the bandwidth required to pass the

majority of the carrier power.

It is proposed that the carrier and all sidebands be used in the azimuth

phase detectors. It is not known how the output will behave when the

carrier is modulated with alternating subcarriers representing binary

"l's" and "O's". This problem will not exist if the Standby message can

be a carrier modulated with an all "1" subcarrier and if the direction

information can be obtained during the Standby message.

The elevation and azimuth outputs will consist of only noise when no

signal is being received. This noise will be a maximum during this

time since the receiver gain is maximum. The next receiver design

analysis should consider the use of gates on these outputs which allow the

signals to pass only during the time when a Standby message is being
receivect.

8.2.4.5 Proposed Design - The simplified block diagram for the proposed

receiver is depicted in Figure 8-22. The receiver is basically the

same as used for the Design Study Model with the following changes.

1. The modulation on the input signal is changed.

The automatic gain control voltage, elevation and azimuth information

are obtained from the carrier and all sidebands (produced by binary

"1" or "0" subcarriers).

The signal from the Vehicle Command Transmitter is received by the

direction finding antenna system. The antenna system consists of four

symmetrically spaced omnidirectional antennas, designated A1, A2,

A 3 , and A 4 . The output from each antenna is fed to a separate RF

amplifier. The outputs from the four RF amplifiers are processed as

shown in Figure 8-22 and as described below:

. Phase shifted by an identical amount and summed vectorially to

obtain the reference voltage E R, defined as

E R = El + E 2 + E3 + E 4 and (8.2-3)

E R = 2E [ cos (-_- cos _b sin 0) + cos (-'_ sin _ sin 0)] (8. 2-4)
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where

E, = voltage from antenna A1 ,

Ez = voltage from antenna Az ,

E3 = voltage from antenna As ,

E4 = voltage from antenna A4 ,

imaginary part jB; thus, E = A + jB.)

2.

qb = azimuth angular position of vehicle with respect to the

A1 - As axis and

0 = elevation angular position of vehicle with respect to the

AI - A3 plane.

.=_

(The notation E representsa voltage that contains a real part A and an

The output Es is shifted by 180 ° and linearly summed with E1 to

give

E c = E1 - E3 (8.2-5)

The output E4 is shifted by 180 ° and linearly summed with Ez

to give

E B = Ez - E4 (8.2-6)

The signal E c is phase shifted by 90 ° to obtain E A which is

linearly summed with ]_B to give

EAB = E A + E B (8.2-7)

or

EAB = 2E [ sin (_- cos _b sin 0) + j sin (--_ sin qb sin 0)] (8. Z-S)

The two signals, E R and EAB , obtained by the linear summation

described above, are the basic signals used in the receiver phase-

locked loop, binary command demodulation circuitry, and direction

determination circuitry.
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The signal received by the antennas is a carrier frequency modulated

by a pulse coded subcarrier representing a binary "I" or a pulse coded

subcarrier representing a binary "0". The carrier is turned on 48

milliseconds prior to transmission of the Standby message and turned

off 48 milliseconds after the Standby message. The Standby word

consists of a one millisecond synchronization pulse followed by a one

millisecond off time, then a sequence of fourteen one-millisecond ti:ne

intervals. Each time interval is composed of a one-half millisecond

pulse followed by an equal off time. The binary "i" subcarrier is used

to modulate the carrier for the Standby word. The Standby word is

repeated three times to complete the Standby message. (Refer to

Section 8. 1.2 for a complete description of all command word formats.)

The simplified block diagram for the phase-locked loop is shown in

Figure 8-23. The reference signal, E R, is used as the input to the

loop. Equation 8.2-4 shows that E R assumes the magnitude ZE for

@ = 90 ° and 4E for @ = 0 °. The input signal, which is 138.000 MHz

with zero doppler shift, is converted to 27.6 MHz in the mixer by the

local oscillator. The 27.6 MHz IF signal is amplified, amplitude

limited, and then compared with a reference signal in the phase detector.

The output from the phase detector, which is the loop error signal, is

filtered, amplified, and sent to the VCXO control input for phase locking

with the input signal.

Upon acquisition by the phase-locked loop, the frequency of the VCXO

is directly proportional to the frequency of the input signal. Since the

command and tracking links are coherent, the required signal for

acquisition aiding of the Transponder Tracking Receiver is obtained.

The frequency for the local oscillator is that of the VGXO output

multiplied by 16. The phase detector reference frequency is synthesized

froxn the VCXO output by a multiplication of four. Therefore, the

frequency of the VCXO is related to the input frequency by

Fk = (N 1 + N z) Fv (8. 2-9)

When the input signal is subjected to a doppler frequency shift, the IF

input frequency (Fk ± fd - N1 Fv) to the phase detector will not be

equal to the reference frequency (N z Fv). An output error signai from

the phase detector is produced which possesses a magnitude and polarity

to adjust the VCXO frequency such that

Fk + fd- Nl (Fv _ AFv) = N 2 (Fv + AFv)

or

Fk + fd = (NI + Nz) (Fv + AFv) (8. 2-10)
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where

fd = doppler frequency shift on command link carrier,

Fk = command link carrier frequency,

Fv = VCXO frequency,

AFv = change in VGXO frequency,

N1 = times 16 multiplier and

N z = times 4 multiplier.

From equation 8.2-10, it can be seen that a doppler frequency shift of

+ fd at the receiver input produces a VCXO frequency shift, AFv, of

4- fd/N1 + Nz) or 4- fd/20. The phase detector reference frequency and,

consequently, the IF frequency vary by ± fd Nz/(N1 + Nz) or + fd/5.

The block diagram shown in Figure 8-23 depicts the circuitry required

for the demodulation of the binary command or station control information.

The reference voltage, _'R' is converted to the IF frequency in the

mixer by the local oscillator signal. The IF carrier is frequency

modulated with a 12.5 kHz pulse code modulated subcarrier when a

binary "1" is received and is frequency modulated with a 22.0 kHz pulse

code moduiated subcarrier when a binary "0" is received. The output

from the mixer is amplified by the gain controlled IF amplifier. The

center frequency of this amplifier is 27.6 MHz and the bandwidth is

sufficiently wide to pass all significant sidebands. The output from the

IF amplifier is compared with a coherent reference frequency in the PLL

phase detector. The subcarriers are reduced to baseband frequency in

the phase detector and are then separated by the two parallel bandpass

filters. The filter centered at 12. 5 kHz permits the binary "1" sub-

carri_.r to be detected, amplified and sent to the Transponder Command

Logic. The filter centered at 22.0 kHz allows the binary "0" subcarrier

to be detected, amplified and sent to the Transponder Command Logic.

The complete description of the direction finding technique is given in

4. 1.4.1, pg. 4-1. An abbreviated discussion of the DF technique is

given in this section to support the description of the proposed

implementation shown in Figure 8-22 . The signals, ]_R and ]_AB ,

which are defined by equations &2-4 and 8.2-8, respectively, are

converted to the IF frequency (27. 6 MHz) in the mixers by the: local

oscillator signal. The outputs of the mixers are amplified by the IF

amplifiers whose gains are controlled by a common voltage. This
control voltage is obtained by the linear summation of _R and EAB

envvlt,pcs, provided by the envelope detectors. The magnitude of this

su_l is _pproximately 4E for all values of qb and O. Thus, the AGC

w, lt,_gt, is proportional to range only as the voltage E is a function of

ral_gC .
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8.2.4.6

The outputs from the envelope detectors are sent to a subtractor amplifier

which provides the difference signal,

Ed = E R - EAB (8.2-11)

The magnitude of this difference signal is a function of the angle @

(vehicle elevation) and is relatively independent of vehicle azimuth, 4.

The difference voltage varies from 4E for e = 0 ° to 0 for e = 90 ° . (The

table shown in Volume I, pp. 3-85 and 3-86, shows E R - EAB for

several values of_ and e.) The elevation output is gated by an input

from the Transponder Command Logic which allows the signal to pass

during the time of the Standby message.

The amplified signals, E R and EAB, are amplitude limited and sent

to the azimuth phase detectors. The reference voltage, ]_R, is phase

shifted by 90 ° and is compared with ]_AB in the lower azimuth phase

detector. The output from the phase detector is amplified, gated and
sent to the recorder.

Th_ vultagc, --_-w''_ is _hase_ shifted by 90 ° and is compared with E R

in the upper azimuth phase detector. The output from thi_ phase detecter

is amplified, gated and sent to the recorder.

Specifications -

1. Carrier Frequency 138.00 MHz

a. Binary "I" Subcarrier Frequency 12.5 kHz

b. Binary "0" Subcarrier Frequency 22.0 kHz

2. Tuning Range

3. Noise Figure

4. Bandwidth (3.0 db)

To be specified

(fixed)

Not greater than 6.0 db

(9. 0 db)

a. RF

b. Carrier Phase-Lock Loop

c. Binary "I" Channel

To be specified

(2. 0 MHz}

To be specified

(+ 8.4 kHz)

± 2.0 kHz

d. BinarY "0" Channel ± 2.0 kHz

(2. Direction Finding Channels ± 30.0 kHz

(+ 2.0 kHz)
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5. Input Signal Levels

6. Spurious Response Rejection

Below Desired Response

7. Inte rmodulation Rejection

8. Phase Characteristics

a. RF

I ) Linearity

.

2) Stability

b. IF

i ) Linearity

2) Stability

Outputs

a. VCXO in Carrier PLL. To

Transponder Tracking Receiver

1) Frequency

2) Power Output

3) Impedance

b. Voltage Representing Vehicle

Azimuth. To Tracking Antenna

Control Circuitry

1) Frequency

2) Voltage

_) Impedance

To be specified

(-80 dbm max., -120 dbm rain)

80 db

60 db

± 2.0%, ± 20 kHz from

138 MHz

± 2.5 °, -55 ° C. to

+ 75 ° C.

± 5%, ± 20 kHz from

26.7 MHz

± 2. 5 °, -55 ° C. to

+75° C.

6.9 MI-Iz, ± I. Z kHz

(28. 104 MHz)

0 dbm, ± 1.0 db

50 ohms

To be specified

To be specified

To be specified
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8.2.5

8.2.5.1

C° Voltage Representing Vehicle

Elevation. To Tracking Antenna

Control Circuitry

I) Frequency To be specified

Z) Voltage To be specified

3) Impedance To be specified

d. Video Binary Information

I) Binary "I" and Binary "0"

(Separate outputs)

2) Pulse Width 500 microseconds

3) Voltage + 1.0, ± 0.2 volts peak

(+ 1.0 volts peakl

4) Impedance To be specified

(100 ohms)

5) Bandwidth (3 db) ± 2.0 kHz, ± 200 l-iz

e. Acquisition Time 10milliseconds

f. Signal Dynamics

1) Maximum Doppler Shift on

Carrier Frequency

2) Maximum Doppler Acceleration

on Carrier Frequency

Transponder Command Logic (TCL)

± 5760 Hz

(_+ 4850 Hz)

200 Hz/sec.

(173 Hz/sec)

The transponder command logic accepts the demodulated command

information from the command receiver, determines correctness and

applicability of the command, and generates switching voltages and

messages as required.

Functional Requirements -

Memory. The site identification code shall be stored with the capability

for non-destructive readout. Memory contents must be changeable.
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Decisions. The unit shall make the decisions required to verify both

accuracy and applicability of received commands and to activate the

proper switches to accomplish the applicable commands. The decisions

will be based on the incoming command words and the data stored in

memory.

The TCL shall make the following decisions:

i . To accept (or reject) each decoded command as accurate by parity

check and comparison of each decoded word with stored reference

words.

To accept (or reject) the decoded command as applicable to the

particular transponder by comparison of the received Si code with

the stored code.

. To activate the "off-to-standby" switch on reception of a valid

command to do so.

. To activate the proper "channel select" switch on reception of a

valid command to do so.

. To activate the "standby-to-acquisition" switch on reception of a

valid command to do so.

. To activate the "acquisition-to-on" switch on reception of a valid

command to do so.

° To activate the "on-to-acquisition" switch on reception of a valid

command to do so.

. To activate the "on-to-standby" switch on reception of a valid

command to do so.

. To activate the "standby-to-off" switch after a preset time has

elapsed from reception of a valid "on-to-standby" command.

10. To report "go" or "no-go" on each of several monitor voltages by

comparing each to its own reference value.

Message, Generation.

i . Site identification. A site identification word will be generated in

the form of a binary NRZ signal.

_). Site condition. A site condition word will be generated froln "go"-

"no-go" information on a group of monitor voltages in the form of

an NRZ signal.
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8.2.5.2

8.2.5.3

Doppler approximation. A word approximating doppler frequency on

the command link will be generated in the form Of a binary NRZ signal.

II__uts and Output s

1.

2.

3.

Trinary RZ coded digital data from the TC/DFR

Supply voltages

Monitor voltages

Outputs

1 "Off-to-standby" switching voltage

2 "Channel select" switching voltage

3 "Standby-to-acquls1_ion" s;vitcb_ng voltage

4 "Acqui_itic, n-to-nn" switching voltage

5 "On-to-acquisition" switching voltage

6 "On-to-standby" switching voltage

7 Binary coded messages

a. Site identification code

b. Site condition report

Site identification code.

9. Monitoring signals

a. Digital data input

b. Supply voltage s

Performance Criteria The TCL should be designed for minimum

standby power consumption. This may be effected by design of the

equipment such that only those circuits necessary for command veri-

fication and "off-to-standby" switch activation are on in the "transponder

off" condition. Power consumption in all conditions of operation should

be minimized consistent with the requirements for reliability.
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8.2.5.4

Reliability is the other major consideration for the unit. The equipment

must operate reliably over a two-year period without maintenance. The

duty cycle in the two-year period will be quite low, on the order of 0. I

to i. 0 per cent.

Design Guidelines -

Error Detection.

, Parity check. Incoming command words will be checked for odd

parity. A word is rejected if parity is incorrect.

. Positive identification of "ones" and "zeros". Each incoming bit

will be positively identified as a "one" or a "zero." "ones" and

"zeros" are checked on separate lines. If both a "one" and a

"zero" occur simultaneously or if neither occur during a bit time,

the incoming word is rejected.

. Incoming word sequence. The sequence of incoming commands is

fixed. Therefore, the contents of each word are known except for

channel select and parity bits. Each incoming word can be checked

for its position in the sequence of commands, and its known contents

can be compared with stored data. The word is rejected if the

comparisons do not agree.

U__plink Command.

l ° Bit Kate. A l-kc bit rate is selected based on receiver sensitivity

and power requirements.

, Word Length. The word length is uncertain at this time. Word

synchronization, site identification, doppler approximation, and

transponder status information are under consideration for inclusion

in the word.

. NRZ B.inary Code. An NRZ binary code is recommended. This

code aliows increased sensitivity at no additional cost in power,

and it offers simplicity of modulation.

, Word Synchronization. A binary NRZ word synchronization code

is recommended. This type of code is necessary because of the

word format used.
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8.2.5.5

8.2.5.6

Proposed Design - The transponder command logic (TCL)

accepts the demodulated command information from the command

receiver, determines correctness and applicability of the command,

and generates switching voltages and messages as required.

Data received from the demodulator is in trinary form. Logical "ones"

and logical "zeros" are on separate lines. Since the incoming data is

not in phase with the TCL timing source, it is necessary to synchronize

the internal timing source with the data at regular intervals.

Incoming words contain a word synchronization code, a site identification

code, command bits, and a parity bit. The sequence of incoming words

is fixed; therefore, most of the contents of each word can be anticipated

and compared with stored data upon their arrival. This provides one

form of error checking. Also, since the trinary format allows positive

identification of "ones" and "zeros", each word can be checked to insure

that one and only one bit is received during each bit time. A word

parity check provides a third means of error detection.

When the received word is correct, the command bits of the word are

decoded to generate switching vultagcc fo_" interfacing equipment.

Upon receiving the "standby-to-acquisition" command, the TCL generates

pulse coded modulation for transmission to the v=l,lclc via th_ tracking

link. This modulation consists of NRZ binary coded word synchronization,

site identification, and doppler approximation data. It is applied to the

tracking transmitter until an "acquisition-_o-on" command is received

from the vehicle or until a specified time has elapsed.

Upon receiving the "on-to-standby" command, the TCL generates a

transponder status message for transmission to the vehicle via the

tracking link. The transponder status data is preceded by the site

identification and the word synchronization codes. This message is

transmitted for a specified time, and then the transponder station is

returned to the standby position.

The transponder is automatically returned to its quiescent state after a

fixed time has elapsed from the last contact with the vehicle.

The block diagram of the proposed design is shown in Figure 8-24.

Specifications Specifications for the input and output signals will

depend on the type of circuits selected to implement the TCL. Major

considerations for the selection of these circuits are set forth in the

performance criteria.
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